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FOREWORD
When energy and material resources are extracted, processed, and used,
these operations usually pollute our environment. The resultant air, land,
and water pollutants may adversely impact our aesthetic and physical well-
being. Protection of our environment requires that we recognize and under-
stand the complex environmental impacts of these operations and that correc-
tive approaches be applied.
The Industrial Environmental Research Laboratory - Cincinnati assesses
the environmental, social, and economic impacts of industrial and energy-
related activities and identifies, evaluates, develops, and demonstrates
alternatives for the protection of the environment.
This report presents research findings related to means and methods for
improving the efficiency of primary sedimentation systems treating pulp and
paper wastes. The possibility of greater BOD removal was investigated by
examining effects of flocculants and coagulants in removing soluble and col-
loidal constituents of such wastes. The report also discloses that certain
process waste streams may be antagonistic to efficient sedimentation and
should be treated separately from total mill wastes. This information will
be of interest to segments of the industry wishing to upgrade primary treat-
ment efficiency to reduce loadings on secondary treatment. The findings are
also applicable to treatment of waste streams not containing significant
additives, as the tissue industry, wherein effluent guide-line allowances
may possibly be satisfied by efficient primary treatment.
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ABSTRACT
Primary clarifiers used in the pulp and paper industry show wide varia-
tions in BOD removal.
The aim of this project was to evaluate means for increasing BOD re-
moval and to develop an understanding of the mechanism so that BOD removal
could be optimized during primary clarification.
A survey was conducted involving 12 mills (nine with primary clarifi-
ers) to obtain data on total and soluble BODs, COD, suspended solids, and
color. These data were used to select mill effluents for additional study.
Laboratory studies showed that, with the proper flocculating agent and
operating conditions, the BODs concentration of some mill effluents could be
markedly reduced during clarification. These findings were confirmed by
pilot-scale clarifier field trials at two mills.
The mechanism for removal of soluble BOD 5 is very complex because of
the heterogeneity of the wastes treated. Studies with model compounds indi-
cate that increased removal is apparently related to the pH of the solution
and to the functional groups (hydroxyl, phenolic, and carboxylic), chain
length, branching, and solubility of the compound.
Chemical costs may range from 30 to 10¢ per 1000 gallons of feed to the
clarifier. Decreased cost and increased operating efficiency in total
treatment systems, as a result of improved clarification, could more than
justify this chemical charge. Keeping chemical costs to a minimum will de-
pend on minimizing or eliminating overflows or spills of colloids and dis-
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The overall degree of biochemical oxygen demand (BOD) removal actually
observed in most conventional out-plant clarifiers treating total mill ef-
fluents has been relatively small (5-15 percent) and has seldom extended to
levels that would significantly improve effluent quality. A search of the
literature disclosed few published investigations of the mechanisms for the
BOD removal in clarifiers. Only two (1,2) gave data indicating possible
sources of BOD that is removed during clarification. The State of the Art
Review of Pulp and Paper Waste Treatment by Gehm (1) attributes the BOD to
"the high content of suspended organics and small quantities of dissolved
organic matter" in certain types of waste and to the "fact that the oxygen
uptake rate of fiber is slower than that of dissolved materials, since it
must first be liquefied before oxidation can take place." Das and Lomas (2)
point to glucuronoxylans and araboglucuroxylans as water soluble hemicellu-
loses (from the beating of pulp) that reduce the BOD when removed with the
floc. One of the first goals of Phase I of this research program was, there-
fore, to evaluate by a controlled analytical study the removal performance
for total and "soluble" BOD5 in different clarifiers at pulp and paper mills.
Surveys of mill waste flows and clarifier effluents were conducted at 12
mills owned by 11 companies. The analytical data developed during this sur-
vey established the basic program of the investigation and the definitions
of the terms "soluble" and "total 5-day biochemical oxygen demand (BOD5)" to
be used throughout the balance of this study.
Three different classes of BOD-forming components in the various waste
flows were identified:
1. Substantial quantities of the BOD being removed in clarifiers
are obviously suspended fibers and related solids in various
stages of physical, chemical, and biological degradation.
These suspended particles may originally have low levels of
solubility and low BOD but can undergo degradation to produce
soluble substances responsible for BOD. This fraction com-
prises the principal source of BOD readily removed in conven-
tional clarifiers.
2. Advanced degradation of cellulose and hemicellulose particles
and the presence of papermaking additives such as starch may
provide a substantial amount of soluble, high molecular weight
components with biochemical demand for oxygen. Most of these
kinds of substances can be surface-adsorbed and removed by
advanced clarification procedures. The further development
and field testing of routes to removal of this fraction com-
prised a principal area for development under Phase II of
this project.
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3. A third fraction of the BOD contained in pulp and paper waste
waters is comprised of low molecular weight degradation prod-
ucts of carbohydrates, such as acetic acid, aldehydes and
alcohols, which are not readily amenable to physical adsorp-
tion and flocculation. Removal of these components has not
been reported for primary treatment if we except those cases
of prolonged holding time or other conditions where advanced
stages of microbiological action are evident in the clarifier.
The fundamental physicochemical mechanisms of flocculation of pulp mill
white water fines studied by Williams (3) and the work by Back (4) on the
nature of wood components dissolved in the pressure refining of mechanical
pulps provide information on a possible approach to the development of an
understanding of the mechanisms involved in the removal of BOD components
from waste streams. Their ideas were used to develop the jar testing proce-
dures used in our laboratory for the optimization of the removal of BODs
constituents from various total mill effluents.
Phase I studies were funded jointly by a group of U.S. pulp and paper
companies (Appendix A), the U.S. Environmental Protection Agency (EPA)
(Grant No. 803 119), and the Wisconsin Department of Natural Resources (Ref.
No. 8100).
For a supplementary and confirming Phase II program, small-scale pilot
equipment was used for on-site comparative studies, paralleling commercial
clarifiers operating at two mills representative of a broad segment of the
pulp and DaDer industry. Additional funds were supplied by the U.S. Environ-
mental Protection Agency under an extension of the above grant and by The
Institute of Paper Chemistry. This confirming program of study was designed
to evaluate the operating parameters developed in the earlier Phase I labo-
ratory research under mill conditions. The first trial was conducted at an
integrated kraft mill and the second at an integrated mill producing pulp by
a recently developed chemimechanical (CM) pulping process.
Laboratory jar tests were also used to evaluate the flocculation and
clarification characteristics of individual sewer discharges at these two
mills. We studied the effects of processing each of these streams separate-
ly and we could also check the effect each had on the overall BODs efficien-
cy of the clarifier when processed as a part of the total mill effluent.
Additionally, the jar tests were used to test the removal of soluble model
compounds (acetic acid, aromatic dicarboxylic acids, etc.) from solution
with the various flocculating agents in order to help elucidate the mecha-
nism of BOD 5 reduction.
An economic evaluation of the data of two field trials and the results
of the jar tests conducted on individual streams show the savings which
might be realized if the relatively small volumes of stronger pulping efflu-
ents, containing lignin compounds with dispersant properties, were not




1. A large portion of the BOD entering the primary 'clarifiers process-
ing pulp and paper manufacturing waste waters are solubles that can pass
through a 0.45 pm filter.
2. These components are generated from wood in pulp and papermaking
steps, including wood handling. They may also come from papermaking addi-
tives such'as starch or sizes. These materials can be degraded within the
mill or during out-plant treatment.
3. Laboratory jar tests with various chemical flocculating agents and
operating parameters showed that significant quantities, ranging to 20 per-
cent or more, of the soluble BODs and color could be removed from wastes
from mills surveyed in Phase I studies. These findings were confirmed by
pilot scale field trials at Mosinee Paper Company at Mosinee, Wisconsin, and
at the Combined Locks mill of the NCR Corporation in Combined Locks, Wiscon-
sin.
4. Jar tests with the individual waste streams making up the total
mill discharge have shown that certain streams contribute both high BOD5
levels and chemicals that are detrimental to the efficient operation of the
clarifiers. Elimination of these streams from the out-plant clarifiers
could provide increased quality to the mill discharge. It would also de-
crease the load on the secondary treatment plant. The streams that were re-
moved from the influent to the clarifier could be treated separately in small
clarifiers or by reverse osmosis, ultrafiltration, or other small unit pro-
cesses.
5. The mechanism for the removal of soluble BOD5 is very complex due to
the heterogeneity of the wastes treated in the clarifiers. There was no ap-
parent relationship between the initial soluble BOD5 concentration and the
ultimate removal of the soluble BOD5 components by the clarification process.
6. Gel chromatography analysis of effluents before and after coagula-
tion with iron and pulp fines showed a significant number of low molecular
weight compounds were removed. Model compound studies showed that many or-
ganic acids including some quite soluble could be partially coagulated in an
iron-pulp fines system as well as substances which do not form salts with
iron.
7. Evaluation of the benefits and costs of achieving improved perfor-
mance of clarifiers requires detailed engineering studies to fit individual
mill situations. Such studies were beyond the scope and objectives of this
study. However, it was apparent that total chemical costs, including the
chemical additives which may be used in existing practices at these mills,
3
might range from 3¢ to 10¢ per 1000 gallons treated. Efficient use of these
chemicals would be balanced by benefits and cost reductions in the overall
systems of waste treatment.
8. Good clarifier performance and low chemical costs could only result
from adequate control of mill overflows and spills so that strong colloids




These studies have shown that with the proper selection of flocculating
agents and operating conditions, soluble BODs concentrations in waste
streams can be markedly reduced (10-50 percent) in the primary clarifier.
Collapse of the double layer surrounding the charged molecule, bridging,
and decreased solubility after treatment with the flocculating agent are
mechanisms which could be expected to contribute to the removal of both
total and soluble BOD5 components, as well as color, from the effluents.
1. We need to know more about the constituents and characteristics of
different kinds of sludges - those from high and low levels of soluble BOD5
removal - and their effect on the efficiency of clarification in mills pro-
cessing under different conditions. This could add considerably to our
knowledge of the mechanisms involved. The influence of individual mill
waste streams in clarifier sludge performance also needs further study.
2. Many of the individual sewer discharges were found to have adverse
effects on the efficiency of the clarifiers and also to have a toxic effect
on the 5-day BOD test. Removal of these streams from the clarifier inflow
could markedly increase the efficiency of both the primary and secondary
(biological-type) treatment systems. Diversion of these flows, which are
usually of small volume, to other treatment systems is recommended.
3. Selection of the streams to be "eliminated" could be undertaken
under laboratory conditions with a combination of jar and BODs tests. Pro-
cesses for treating the eliminated streams by separate in-plant clarifica-
tion, reverse osmosis, ultrafiltration, or the training of plant personnel
to reduce the discharge of the detrimental stream would follow the identifi-





Weekly samples from mills using clarifiers consisted of two gallons of
the influent to the clarifier and a single gallon of the clarifier effluent.
Where possible, both samples were collected as 24-hour composites. Mills not
using clarifiers sent in two gallons of the effluent they were discharging
into ponds or aeration lagoons. Table 1 describes the types of mills and
their facilities for pulping, bleaching, and effluent treatment; this table
is based on data supplied by the mill staff.
As soon as the samples were received in the Institute laboratories at
Appleton, Wisconsin, the influent samples were composited, well mixed and
immediately transferred to one-gallon plastic bottles. One bottle was filled
to the brim, set aside to settle for one hour, and the top 6 inches of super-
natant was withdrawn using a light vacuum and a short U-bend at the end of a
glass tube. This permitted removal of the top layer of "clear" fluid without
drawing the "settled" material from the bottom layer. A second bottle of the
influent and also a bottle of clarifier effluent were separately mixed and
analyzed "as received."
Samples of the "as received" and "settled" material were pressure fil-
tered through various porosity filters. These filters were 1.2-pm and 0.45-
pm pore size Metrical membranes from Gelman Instruments of Ann Arbor, Michi-
gan and a 0.10-pm plastic filter from Nuclepore of Pleasant. California.
Suspended solids, BOD5 , and chemical oxygen demand (COD) were determined
on the initial samples and on all fractions.
Samples for suspended solids were processed on 1.2- and 0.45-pm filters
on a Gelman pressure funnel at 6.9 kg/cm2 (100 psig) with N2 and dried at
103-105°C (218-221°F) for one hour. For biochemical oxygen demand we used
the standard APHA Method (5), keeping the samples at 20°C (69°F) in a water
bath and determining the dissolved oxygen with a Weston and Stack probe.
The COD was determined by the dichromate oxidation method of APHA (6). Color
was determined at pH 7.6 using the National Council for Air and Stream
Improvement method (20).
Some waste samples filtered slowly through 0.45- and 0.10-pm filters.
To avoid filter clogging, a pad of filter aid (Celite, AR, Johns-Manville)
was used on 1.2-, 0.45- and 0.10-pm filters for these wastes. The filter-aid
pad was formed from a 1-percent slurry of Celite AR poured onto the filters
and then dewatered. Analysis of these samples with and without the use of
the filter aid (Table 2) indicated that the filter aid did not adversely af-






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































used as a standard practice with the precaution of first checking the effect
on one or two samples of each waste stream. Eventually the exploratory
studies with various grades of filters resulted in adoption of the 0.45-um
porosity as a standardized procedure.
TABLE 2. ANALYSIS OF FILTRATES PREPARED
WITH AND WITHOUT FILTER AIDa
BODs, mag/l COD 1-bO s mg/ --- ____ COD, rg/l
1,2 Unb 0.45 um 1.2 lm 0.45 rm
Sample With Without With Without With Without With Without
F 190 178 182 176 464 436 409 369
74 82 70 80 212 216 199 191
H 32 34 31 32 133 123 108 114
48 42 44 46 105 126 118 106
B 770 778 672 675 3741 3650 3636 3615
1246 1230 1218 1184 5363 5320 5190 4890
C 166 192 188 184 352 362 329 329
184 181 168 174 316 316 275 292
bCelite (AR) BODs = 0.04 mg/g.
1.2-pm BODs = 1.92 mg/sheet.
0.4 5-pm BOD5 = 0.62 mg/sheet.
A few samples were also processed through a Dia-Flo (Amicon Scientific
Systems) stirred ultrafiltration (UF) unit with a nominal 100-A (0.01 Urm)
pore filter. The results were compared with those from the 0.45- and 0.10-
1m filters (Table 3). Since no differences were apparent in either BODs or
COD, the more time consuming UF procedure was not routinely used.
TABLE 3. COMPARISON OF ULTRAFILTRATES
FROM A 100-A MEMBRANE WITH FILTRATES
PREPARED WITH FILTER AID OVER
0.45- AND 0.10-um FILTERS
BOD, mg/l
Sample SUFa S045F S010F
F 259 310 266
272 256 267
H 30 43 32
59 48 50








In order to establish the various total and soluble components of BODs,
the incoming samples were analyzed "as received," "settled," and after pas-
sage through either 1.2-, 0.45-, or 0.10-Mm filters (Figure 1). Throughout
this section of the report, the designations are as follows:
AR As received
AR045F As received, filtered through 0.45-Pm filter with a Celite
overlay
S Settled
S12 Settled and passed through a 1.2-pm filter
S12F Same as S12, except with Celite overlay
S045 Settled and passed through a 0.4 5-uim filter
S045F Same as S045, except with Celite overlay
SO1OF Settled and passed through a 0.01-um filter with a Celite
overlay
SUF Settled sample filtered through a 100-A UF unit
Data in Table 4 are averages of the six samples from each mill, along
with high and low values (range) for each set. The values in parentheses are
the percentages of the constituent in the sample after treatment. BODs de-
creases as filter pore size decreases (Figure 2). The data in Table 4 and
Figure 2 can be summarized as follows:
1. Comparing "as received" and "settled" values, we find a marked
reduction in BODs (to 62 percent) after simple settling (JJ).
2. The 0.45-pm filter was, for all practical purposes, the best
filter for the removal of "insoluble" BODs. This filter was
used for further studies of "soluble" versus "total" BODs.
3. Seven percent additional BODs could be removed from the JJ
mill samples by passing them through the 0.45-pm filter.
4. The COD values paralleled, but did not directly correlate with,
the BODs values.
In order to evaluate the operation of the mill clarifiers we analyzed
clarifier influent and effluent samples in the same manner. Data for these
samples "as received," and filtered through 0.45-pm filters, are given in
Table 5 (BOD), Table 6 (COD) and Table 7 (suspended solids). In order to
simplify the presentation, the "as received" values are plotted in the same
sequence in Figures 3, 4, and 5. Marked reduction in total BODs was achieved
in clarifier JJ. All clarifiers except those of Mills I and J achieved 50-90
percent removal of suspended solids.
Unfortunately, the values for constituents and removals are quite errat-
ic, probably due to a time lag for arrival of these constituents at the sam-
pling points. Although most samples were 24-hour composites, compensation
for the effect of the clarifier "holding time," in some cases on the order of
18 hours and in most cases at least 4 hours, was not built into the sampling
system. While this would have little effect on the monthly mill averages, it
had a marked effect on the samples sent to our laboratories (Table 8). We
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TABLE 5. BODs IN CLARIFIER INFLUENT AND EFFLUENT SAMPLES (."AS































































TABLE 6. COD IN CLARIFIER INFLUENT AND EFFLUENT SAMPLES ("AS
RECEIVED" AND FILTERED THROUGH 0.45 pm FILTER)
As received (total) Filtered (soluble)
Influent, Effluent, Removal, Influent, Effluent, Removal,
Mill ng/l mg / mg/m mg/l %
A 1863 1328 29 1207 1236 -2
B No clarifier
C 712 429 40 283 286 -1
D 583 386 34 246 254 -3
E No clarifier
EE No clarifier
F 1695 642 62 408 399 2
G 2918 1606 45 1201 1149 4
H 272 188 31 108 98 9
I 2132 2013 6 1144 1104 4
J 715 433 40 351 284 19















the fact that both were collected within the same time period. This lack of
continuity in the two samples could explain not only the lack of removal ob-
served at times but could also be the reason that our studies showed the
higher or lower removal values than did general mill experience.
TABLE 7. SUSPENDED SOLIDS IN CLARIFIER INFLUENT
AND EFFLUENT SAMPLES REMOVED
BY A 0.45 pm FILTER
Influent, Effluent, Removal,
Mill mg/l mg/l %
A 441 63 86
B No clarifier
C 1126 248 78
D 235 77 67
E No clarifier
EE No clarifier
F 1187 213 82
G 4165 1034 75
H 240 99 59
I 853 587 31
-J 690 340 47




Total biochemical oxygen demand in
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Figure 4. Total chemical oxygen demand in clarifier
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Figure 5. Suspended solids in clarifier influent
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SECTION V
LABORATORY STUDY OF PROCESSES FOR HIGHER LEVELS
OF SOLUBLE BOD 5 REMOVAL
We approached the problems of improving pulp and paper mill liquid
waste treatment by two differing routes. A first route studied possibilities
for improving the methods for conventional, out-plant primary clarification
treatment of the total mill discharge. The second, a more innovative route,
was directed to the principle of separation of flows, particularly spills of
strong process water, and was also directed to individual, high-efficiency
treatments, preferably within the plant, for those flows detrimental to
clarifier performance.
Various treatment methods, such as sedimentation, flotation, filtration,
membrane separation (reverse osmosis, ultrafiltration), carbon adsorption,
and ion exchange could be used. The results of some of these methods are
described in this section.
New and relatively more expensive methods of processing would be feasi-
ble for only parts of the total flow in order to prevent buildup of solubles
in streams, especially those being recycled. These fractions could be treat-
ed in-plant in small, highly efficient systems or, if the streams are not to
be recycled, they could be treated before they are mixed with other process
waters entering the total sewer system.
However, since many of the mills involved in this study were already
using clarifiers or had plans to use them, the laboratory study was care-
fully planned to develop a better understanding of the conventional, out-
plant clarification process.
SCREENING TESTS
Following the survey of mill discharges and clarifier efficiencies
(Section IV), a study to optimize the removal of soluble BODs from both
total mill waste waters and individual streams was begun in the laboratory.
We preferred to evaluate clarification efficiency by some means other
than the BOD5 test because the 5-10 days time to run each test, depending
upon the day of the week that the samples were prepared, made systematic
laboratory studies very difficult. Also, we wanted a procedure based on
small sample volume.
TEST TUBE TRIALS
We had developed in our laboratory a simple test tube flocculation test
using a 15-ml sample in an 18 x 150 mm test tube mounted on a 12-inch diam-
eter, vertically oriented, platform rotating at 3 rpm (unpublished). The
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slow transfer of fluid from one end of the tube to the other produced a floc
form and supernatant clarity that correlated well with jar tests with the
same sample/flocculant combination. This simple, small-volume system was
used in the early part of the work for screening the incoming samples.
JAR TESTS
At the same time, jar tests were carried out on the same waste material
using a Phipps and Bird laboratory flocculator. Various flocculating agents,
alone or in combination, were added under carefully standardized conditions
of chemical addition, rapid mixing, flocculation mixing, settling and sampl-
ing. Briefly, these can be described as:
1. The treatment of 1.0 or 1.5 liters of waste in 3-liter jars;
2. The addition of the primary flocculant, followed by one minute
of mixing at 100 rpm;
3. If a second agent (e.g., polymer, silica, activated carbon, etc.)
was added, it was followed by a second rapid mix of one-half
minute at 100 rpm;
4. The paddle speed was reduced to 20 rpm for 20 minutes to provide
time for flocculation. The flocculation step was done after the
final addition of chemical, no matter how many additives were
involved;
5. At the end of the flocculation period, the jar was removed from
the unit and the sample allowed to settle for one hour;
6. Samples were withdrawn into 250-ml bottles under slight vacuum,
with the tip of the sample tube one-half inch under the surface
of the liquid in the jar;
7. An untreated jar of the waste was carried through the entire
test from rapid mix to sampling. All "removal" data are based
on the comparison of the analyses of the control sample with
the treated samples.
All samples were stored at 4°C (40°F) prior to analysis.
ORGANIC CARBON ANALYSIS
Use of a Beckman Process Carbonaceous Analyzer permitted relatively
rapid (15 samples per day), small-volume analysis of solutions for total
organic carbon (TOC). The test tube trials, after the floc was removed with
the 0.45-Pm filter, provided sufficient sample for the determination of sol-
uble organic carbon. The use of larger test tubes (25 x 250 mm) and addi-
tional sample volume on the same flocculator table, or jar tests directly,
allowed determination of both total and soluble BOD 5 and TOC, and soluble
organic carbon (OC) on the same sample.
We found little correlation between the reduction of soluble organic
carbon and the reduction of soluble BODs for a series of flocculation studies
(Table 9). We also found no relationship of COD to BOD5 during the mill sur-
vey; these results are probably due to the high ratio of nonbiodegradable to
biodegradable carbon in these waste streams. Total and soluble organic car-
bon and BODs components removed during flocculation would be both degradable
21
and nondegradable substances, with the percentage removal of degradable be-
ing overshadowed by nondegradables. While the polymers did have both bio-
chemical and chemical oxygen demands (Table 10), the amounts added to the
solutions were so small (1 to 10 mg/liter) that they did not contribute sig-
nificantly to COD or BODs. The addition of the polymer at the 10 mg/liter
level would add less than 2 percent COD and 1 percent BOD5 to most samples
if all of the polymer remained in solution and none was removed by floccula-
tion and/or filtration.
TABLE 9. SCREENING TRIALS OF FLOCCULANTS AND
POLYMERS BY ANALYSIS OF SOLUBLE
ORGANIC CARBON AND SOLUBLE BOD 5
Reduction , %
Flocculant Polymer Soluble Soluble
Type mg/1 (0.5 mg/l) OC BOD 5
Alum 200 None 18.2 -9.7
Alum 200 Nalco 607 34.3 -20.9
250 Nalco 627 26.5 8.1
250 Nalco 634 15.7 5.4
250 Nalco 73C32 6.0 0
FeC13 1 0 0b None 20.7 20.3
150 None 17.4 -20.5
200 None 25.4 21.2
200 Nalco 607 21.3 16.8
200 Nalco 609 23.1 20.7
200 Nalco 627 -7.4 15.7
250 None 20.5 19.7
Lime 25 None 1.8 -1.9
25 Nalco 634 -6.2 8.4
25 Nalco 73C32 2.3 0








TABLE 10. COD AND BOD 5 OF VARIOUS POLYMERS
USED AS FLOCCULATION AIDSa









Tydex 12 1665 0
Hercules
Hercofloc 812.3 -- 66
polymer concentration 1 g/l.
PHENOL SULFURIC ACID TEST
The phenol-sulfuric acid test (7) is a rapid method for the estimation
of carbohydrates, including virtually all classes of sugars, sugar deriva-
tives, oligo- and polysaccharides, ketoses, aldoses and aldehydes. This
method has been used for several years in these laboratories for monitoring
gel chromatographic columns and for the study of aldehydes in solution, both
carbohydrates and noncarbohydrates (8).
Although the method appeared to be useful for measuring the removal of
soluble BOD 5 during trials in the test tubes (Table 11), it did not give re-
producible results in the jar tests; therefore, it was not useful as a re-
placement for the BODs test (Table 12).
ZETA POTENTIAL
"If the zeta potential of the colloid is lowered below a critical value,
the colloids tend to coalesce, resulting in coagulation" (2). Many of the
"soluble" BOD5 components in the waste stream are colloids, medium and low
molecular weight organics. and in some cases simpler carbonaceous compounds,
which should be amenable to colloidal coagulation and coprecipitation (10).
Zeta potential changes and final values were compared with the removal of
COD and BODs components by flocculation (Table 13). No correlation could be
drawn between the zeta potential and the reduction of either COD or BOD5 for
the waste stream after flocculation and filtration. There was, however, the




TABLE 11. COMPARISON OF PHENOL SULFURIC ACID TEST WITH BOD5
TEST TO EVALUATE FLOCCULANTS IN TEST TUBE TESTS
Reduction,a %
Flocculant Polymer Soluble glucose Soluble
Type mg/l (1 mg/l) equivalent BOD 5
FeC1 3 50
b None 28.9 22.8
100 None 45.6 32.1
150 None 50.0 36.2
200 None 46.7 33.9
Lime 250 None 17.7 5.0
300 None 6.3 18.4
300 Nalco 609 25.6 16.4
300 Nalco 627 40.5 12.9
300 Nalco 634 40.5 25.9
300 Nalco 73C32 20.0 12.9
300 Dow PAA 39.1 23.2
300 Dow Tydex 12 32.6 31.7
400 None 28.1 7.1
aValues "as received":




As the study progressed we found little relation of the visual clarity
of the supernatant or the rate of floe settling with the reduction of BODs.
A finely divided floe seemed to result in the greatest reduction in soluble
BOD 5 after filtration with the 0.
45-pm filter, whether or not the floe had
settled.
JAR TESTS FOR OPTIMIZING BODs REMOVAL BY CLARIFICATION
General
Following the lack of success in developing a rapid screening test to
correlate flocculation with the removal of soluble BODs, a number of jar
tests were made with several mill effluents. We used the standard BOD5 anal-
ysis to test these flocculants. While this resulted in a rather delayed
evaluation, it could be used for: (1) a study of many flocculating agents
and variables or (2) careful consideration and selection of both flocculants
and process variables, with BODs determinations on either (a) all samples or
(b) selected samples from each series. With frequent reevaluation of the
procedure as BOD5 results became available, the (2b) scheme was selected for
the majority of the jar tests.
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COMPARISON OF PHENOL SULFURIC ACID TEST WITH
BOD 5 TEST TO EVALUATE FLOCCULANTS
TN JAR T'FTSR
Reduction, %
Flocculant Soluble glucose Soluble Soluble
Manufacturer mg/1 pH equivalent BOD 5 COD
Nalco
607 6.0 7.5 -1.5 2.6 -1.8
609 6.0 3.0 12.0 11.3 10.2
6.0 7.5 11.5 6.8 7.2
10.0 7.5 16.5 9.8 7.2
627 6.0 3.0 4.5 8.4 5.9
634 6.0 7.5 7.3 6.8 2.7
10.0 7.5 15.3 10.0 16.6
73C32 6.0 7.5 7.3 -2.1 1.8
10.0 7.5 11.5 23.8 5.4
Dow
PAA 6.0 7.5 15.3 2.1 8.6
10.0 7.5 15.3 12.8 9.3
20.0 5.0 10.8 -1.7 4.2
Tydex 12 6.0 3.0 3.2 4.6 1.3
6.0 5.0 -1.2 -24.8 3.3
6.0 7.5 7.3 8.1 3.8
10.0 7.5 14.2 5.1 6.8
aValues "as received":
glucose equivalent
COD = 550 mg/1.







TABLE 13. A COMPARISON OF ZETA POTENTIAL, SOLUBLE COD AND BOD 5,
AND FLOC FORM IN JAR TESTS OF FLOCCULANTS
Zeta Reduction . %
Flocculant potential, Soluble Soluble Floc c
Type mg/l Effluenta pH mv COD BOD5 form
Alum 200 A -- -9.3 2.1 0.0. --
395 B -- 0 17.3 -1.5 4+
632 B -- 0 12.2 3.6 4+
Fe3+ 50 C -- 0 to -24.5 16.8 5.3 --
75 C -- 0 23.2 11.9 --
84 B 3.0 0 30.5 21.9 4+
.84 B 5.0 -17.8 33.3 17.2 3+
200 A 3.0 0 45.3 51.0 --




special sample of beaten sulfite pulp.
total mill effluent (Mill F).
digester room effluent (Mill F).
bValues for "as recieved":
A - soluble COD = 462 mg/1.
soluble BOD 5 = 128 mg/l.
B - soluble COD = 453 mg/l.
soluble BOD 5 = 190 mg/l.
C - soluble COD = 1284 mg/l.
soluble BOD 5 = 585 mg/l.
CFloc form - 0 = supernatant clarity equal to untreated control.
5+ = clear supernatant without suspended solids.
To reduce the problem involved in setting up sampling schedules, sample
transportation and storage, it was further decided to select mills by two
criteria: (1) their proximity to our Appleton laboratories and (2) those
having high soluble BODs values in the initial survey. Others could be add-
ed, as time permitted, to allow studies of special effluents, of effluents
with lower soluble BODs, or of effluents from more distant mills.
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TOTAL MILL EFFLUENTS WITH PRIMARY FLOCCULANTS
Tables 14, 15 and 16 summarize the large volumes of data gathered from
jar tests with effluents from Mills A, D, and F, which are using convention-
al clarifiers or flotation systems. These data can be summarized as follows:
1. Ferric chloride in the range of 75-150 mg/l Fe3+ was the
best flocculating agent for these waste streams. The
optimum pH was dependent upon the particular stream being
processed and the concentration of the iron salt added.
2. Lime, at higher concentrations (200-500 mg/l) also removed
soluble BODs (21-40 percent).
3. Alum did not remove more than 17 percent of the soluble
BOD5, although there was evidence that, with some of the
waste streams, careful pH control and optimized alum con-
centrations could result in the removal of substantial
quantities of soluble BODs.
4. The polymers plus bentonite or Celite to provide high surface
area did not appear any more effective than the cheaper iron
salts.
5. Some trials had shown that considerable amounts (22 percent)
of soluble BODs could be removed from the clarifier effluents
with ferric chloride or lime (Table 14).
6. When the concentration of the flocculating agent and the pH are
carefully controlled, from 25 to 50 percent of the soluble BODs
would probably be removed from the clarifier influents.
7. In recent similar studies in Finland (11), fly ash obtained
from the burning of calcium-base spent liquor was used as a
flocculating agent, it was used to raise the pH during alum
treatment, and it was used as a sludge conditioner. Reductions
of 50 percent for BOD5 and 70 percent for COD are reported in
the treatment of kraft effluents. The authors also report
that the sludge is easier to handle.
ADDITION OF ACTIVATED CARBON
Studying pilot-scale columns of activated carbon processing a chemime-
chanical (CM) pulping waste, we found that 83-90 percent of the total BOD5
was removed (12). We have no information, however, on the degree of soluble
BOD5 removed by adsorption on activated carbon. Therefore, we used jar tests
to measure the reduction in soluble BODs by powdered (300 mesh) activated
carbon, with and without the addition of cationic polyelectrolytes, for the
treatment of the total mill effluent (Table 17) and CM sewer discharge from
Mill F (Table 18).
Soluble BOD5 could be reduced by 32 percent in the total mill effluent
and 17 percent in the CM streams. The variability of the results for the
various levels of activated carbon was quite high. This was most likely due
to changing conditions in the mill - high hourly variations in the flow and
concentration of substances in these streams - rather than to differences in








































































































































































































































































































































































































































































































































































































TABLE 15. JAR TESTS OF PRIMARY FLOCCULANTS WITH MILL F
rnr)mAT (IT AVTVTP TT~TVTYTLTtTMa
Sample 8/13 Sample 8/21 Sample 9/10
COD = 508 mg/i COD= 209 mg/i COD = 14140 mg/i
BODS = 223 mg/i BOD5 =102 mg/i BODs = 1914 mg/i
Flocculant Final Reduction, % Reduction, % Reduction~, %










































































































a5olub1 COD and BODs were measured.
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TABLE 17. JAR TESTS OF THE EFFECT OF ACTIVATED CARBON
AND VARIOUS ADDITIVES ON SOLUBLE COD AND BODs
IN MILL F CLARIFIER INFLUENT
Sample 8/13 Sample 8/21 Sample 9/10
COD = 508 mg/1 COD = 209 mg/l COD = 426 mg/1
Activated BODs = 223 mg/l BODs = 102 mg/l BODs = 196 mg/1Activated
carbon Additives Final Reduction, % Reduction, % Reduction, %
Type a mg/l Type mg/l pH COD BODs COD BODs COD BODs
(1) 50 None -- 7.4 6.1 19.2 4.1 3.4 - -
100 None - 7.5 5.7 8.7 6.9 .. . _
150 None -- 7.5 5.9 12.3 - - -- . .
200 None -- 7.4 5.7 -5.5 13.4 11.5 3.5 2.0
200 Nalco 73C32 1.0 7.5 8.0 19.6 - - 6.3 23.5
200 Dow Tydex 1.0 7.4 9.0 20.5 -- - 5.2 6.1
200 Cellulose 500 - -- - - - 5.2 12.2
200 Nalco 609 1.0 7.9 8.2 18.7 -. - --
200 Nalco 627 1.0 7.9 9.6 16.9 __
200 Nalco 634 1.0 7.8 5.1 1.4 -- -- _ -
200 Dow PAA 1.0 7.9 8.6 - -- - - -
(2) 50 None -- -- - 14.7 17.0 -- _
100 None __ _._ . _ 17.4 7.5 . ..
200 None __ - -- -- 11.9 27.4 -- -
200 Nalco 73C32 1.0 - -- -_- -- 16.4 12.2
200 Dow Tydex 1.0 - -- - -- -- 7.5 9.2
200 Cellulose 500 - - -- - -- 8.0 11.2
200 Cellulose 500 - - -- -- -- 4.o 19.4
+ Tydex 1.0 -- -- -- -- --
200 Cellulose 500 - -_ - - - 5.2 14.3
+ 73C32 1.0 -- -- . ... __ _ 
300 None -- -- -- 17.9 13.2 -- --
400 None -- - . -_ -- 17.9 32.1 -- --
a(1) Filtrasorb 300, powdered.
(2) Same alcohol and water washed (oven dried).
In all of the jar tests the samples were first screened through a 60-
mesh stainless steel screen, the activated carbon (and polymers, if used) was
added,, and the sample was processed through the mixing and settling cycles.
No attempt was made to correlate the degree of soluble BODs removal with
the presence of fiber fines or other carbonaceous adsorbing materials.
Although the activated carbon-soluble BOD 5 complex could be readily fil-
tered by a 0.45-pm filter, it did not settle in the jars with or without the
use of polymer flocculants. Activated carbon, therefore, seems useful as an
additive to the primary system for the reduction of BODs if the carbon could
be removed in either the primary or secondary system. Larger carbon particles
might be easier to remove; however, they would have less surface area and,
therefore, probably be less sorptive.
EFFECT OF THE CONCENTRATION OF THE EFFLUENT
If the total water use in the mill were reduced through recycling, the
wastes would be more concentrated. In order to study the flocculation and
soluble BODs removal characteristics of such wastes we concentrated by re-
verse osmosis a sample of the total mill effluent (clarifier influent) from
31
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the Mosinee mill. We have been evaluating and developing uses for reverse
osmosis (RO) in our laboratories since 1964 (13). This process can concen-
trate solutions and at the same time remove some of the soluble BOD 5.
TABLE 18. JAR TESTS OF THE EFFECT OF ACTIVATED CARBON
AND ADDITIVES ON COD AND BOD5 OF MILL F
CHEMIMECHANICAL PULPING EFFLUENTa
Carbon,b Additive Reduction, % Final
mg/l Type mg/l COD BODs pH
50 None -- 2.5 15.9 7.4
100 None -- 3.4 -- 7.5
125 None -- 5.9 11.6 7.6
150 None -- 4.5 5.2 7.7
200 None -- 5.2 12.0 7.5
200 Nalco 634 10.0 4.3 2.0 7.5
200 Nalco 73C32 10.0 5.9 13.1 7.5
200 Dow Tydex 12 10.0 10.0 9.0 7.5
200 Dow PAA 10.0 10.5 16.8 7.5
300 None -- 10.2 9.8 7.5
None Nalco 634 10.0 -1.0 -1.5 7.4
None Nalco 73C32 10.0 1.0 5.9 7.4
None Dow PAA 10.0 -4.1 -5.1 7.6
aSoluble COD and BOD 5 were measured.
Initial values: Soluble COD = 1105 mg/l
Soluble BODs = 490 mg/l.
UActivated carbon - Filtrasorb 300,
washed, oven dried.
powdered, alcohol/water
Reverse osmosis was used to make a fourfold v/v concentrate of the total
mill effluent. This solution was diluted with the permeate (fluid passing
through the RO membrane during the concentration process) to prepare 3:1, 2:1,
and 1:1 concentrations. Jar tests were made with all concentrations, and
the samples were analyzed for suspended solids, total and soluble BODs, and
color before and after treatment with ferric chloride-polymer and alum-polymer
combinations (Figure 6).
These data indicate that treatment with ferric chloride at 100 mg Fe3+
per liter and Hercofloc 812.3 at 0.75 mg per liter could produce an acceptable
effluent for discharge, in terms of suspended solids and BODs, up to concen-













































































































































































































































































































































































































































































































































































































































































































































































With effluents more concentrated than 3:1, flocculating agents did not pro-
duce adequate effluents.
While this was a rough study and practical means of processing were not
worked out - we did not study spill control, the effect of spills on water
reuse within the mill, or economics - it certainly indicates that wastes can
be successfully treated at higher concentrations.
JAR TESTS ON WASTE STREAMS PRIOR TO PILOT SCALE TRIALS
Mosinee Paper Company of Mosinee, Wisconsin and the Combined Locks mill
of Appleton Papers Division of NCR, Combined Locks, Wisconsin were selected
for the two pilot-scale clarifier trials. Jar tests were made on the total
mill effluents. These preliminary tests were followed periodically by other
jar tests while the field trials were in progress.
Tests on Mosinee Paper Company Effluent
Samples fromthese jar tests were, in some cases, analyzed completely
for suspended solids, total and soluble BODs, organic carbon, COD and color
(Tables 19 and 20) in order to measure the removals that might be attained
under different conditions of treatment. Others were merely used to estab-
lish flocculating characteristics (Table 21) and/or sludge volumes that would
develop with the addition of the chemical combinations.
In the early trials we established that alum at 200-300 mg/l and ferric
chloride at 100 mg/l Fe3+ could be used in jar tests to remove BODs - 35-55
percent (total) and 12-25 percent (soluble) - from the wastes. The addition
of 0.75 mg/l Hercofloc 812.3 appeared to provide additional removal of solu-
ble BOD5 : removal increased from 13 to 35 percent when Hercofloc was added
with 100 mg/l alum, and from 12 to 28 percent with 200 mg/l alum (Table 19).
The use of the Hercofloc polymer alone at 0.75 and 1.5 mg/l markedly in-
creased the removal of soluble BODs: we found 14 and 21 percent removal,
respectively.
Lime as a primary flocculating agent and activated silica as an additive
(Table 20) appeared to be relatively effective (4-16 percent) in the removal
of soluble BODs from the Mosinee mill effluent.
Of great interest in these studies was the high removal of COD, color,
and total and soluble BODs that could be achieved with ferric chloride and
alum from the clarifier effluent from this mill (Table 22). Twenty-five to
forty percent removal of the soluble BODs components was obtained with these
primary flocculants added to either the north or south clarifier effluents.
Lime and "additional" Hercofloc 812.3 did not enhance the removal of the
"solubles" but did increase the removal of total BODs, COD and color.
Adjustment of the pH from the initial 11, or higher, to 8 with sulfuric
acid prior to the addition of the chemicals, markedly increased the amount of
suspended solids removed. This only slightly affected the amount of soluble
BOD5 remaining in solution (Table 23). The ferric ion was equally effective
as the chloride or sulfate salt when they were used at the same concentration
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TABLE 19. JAR TESTS OF THE EFFECT OF FLOCCULANTS ON BODs,
COD, ORGANIC CARBON, AND COLOR IN
MOSINEE CLARIFIER INFLUENTa
% Reduction in
Flocculant Final Total Soluble Total
Type mg/l pH BOD 5 COD OC BOD 5 color
FeC13 50 d 6.4 51 71 31 13 52
100 6.0 37 70 44 25 43
150 5.0 58 76 47 24 89
Alum 100 7.2 49 60 14 13 24
200 7.0 56 68 24 12 43
300 6.8 56 73 31 12 47
Lime 200 .11.1 22 52 -13 -16 15
300 11.6 39 68 -1 -14 58
500 12.0 41 71 1 -9 11
Hercofloc
812.3 0.75 8.4 18 8 3 14 0
1.5 8.2 19 11 6 21 15
Hercofloc 812.3 at 0.75 mg/l was added after 1 min mixing with the
following primary flocculent:
FeC1 3 10 7.0 No floc formation
25 6.8 No floc formation
50 6.4 56 72 30 30 47
Alum 50 7.4 No floc formation
100 7.2 54 76 14 35 18
200 7.0 52 71 21 28 32











bFiltered through a 0.45 pm Metricel filter.
cCo-Pt units at 465 nm (NCASI Method).
dAs Fe3+.
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TABLE 20. JAR TESTS OF FeC13, ALUM, AND ADDITIVES AS
FLOCCULANTS FOR MOSINEE CLARIFIER INFLUENTa
Flocculant Reduction, %
b -- Final Total Soluble
Primary, mg/l Polymer, mg/1 pH BOD 5 COD OC BOD 5 Color
Analytical grade primary
chemicals:
FeC13 5 0C - -- 5.8 38 56 49 29 88
Herc. 0.75 5.8 37 57 51 27 89
1.5 5.8 38 58 51 27 90
Alum 50 -- - 7.4 11 -0.7 20 9 39
Herc. 0.75 7.5 10 -0.7 21 15 47
1.5 7.7 6 0.7 14 10 45
Act.Si 10 7.7 5 4 24 4 40
100 - -- 7.1 13 3 34 5 69
Herc. 0.75 6.8 15 16 33 8 69
1.5 7.1 10 3 34 16 72
Act.Si 10 7.4 11 4 29 12 53
200 - -- 7.4 23 54 42 8 86
Herc. 0.75 7.2 23 54 40 4 88
1.5 7.0 21 47 39 4 87
Act.Si 10 6.9 23 57 39 4 84
Commercial grade primary
chemicals:
FeCl3 5 0 c Herc. 0.75 5.5 32 50 -- 28
Alum 100 Herc. 0.75 6.5 20 9 -- 13
aInitial values (for untreated
12/12/74:
influent control) for sample taken
Total COD = 711 mg/l
BODs = 215 mg/l
Color = 109 Pt-Co units
Soluble OC = 87 mg/l
BOD 5 = 122 mg/l.
Herc., Hercofloc 812.3; Act.Sci., activated silica.
As Fe3+.
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of Fe3+ and when the pH of the influent was not above 9.0 (Figure 7). Sludge
volumes, determined with separate jar tests and the Imhoff cone, were also
markedly reduced by the addition of the Hercofloc 812.3 (Table 24) and for
this reason it was included in all but one of the studies at this mill.
TABLE 21. JAR TESTS OF THE EFFECTS OF PRIMARY FLOCCULANTS
AND POLYMERS ON pH AND CLARITY OF
MOSINEE CLARIFIER INFLUENTS
Flocculant Influent samples
Primary, Polymer, 1/16/75 3/5/75 3/11/75
mg/g/ g/l pH Claritya pH Claritya pH Claritya
Fe3+ 25 -- -- - - - -- 6.8 0
50 -- -- 6.6 0 6.9 0 5.9 5
Herc. 0.75 6.8 0 6.6 0 -
100 -- -- 5.0 0 5.7 4 4.2 4
Herc. 0.75 5.6 3 5.6 4 4.3 4
150 - -- -- -- 4.5 1 3.4 3
Herc. 0.75 -- -- 4.3 1 3.4 3
Alumb 100 -- -- -- -- 9.0 0 
Herc. 0.75 -- - 8.6 0 
200 -- -- -- -- 8.4 1 -- -
300 - -- -- -- 7.2 4
Alum c 200 -- -- 7.4 1 -
300 - -- 7.1 5 - - - --
400 - -- 6.5 4 -
Alum 200 -- -- 7.0 1 -- 
300 - -- 6.9 5 
400 -- -- 6.5 4 - -
0 = untreated control
1-5 = partial to complete
one hour settling.
al grade.
al grade with precipitate
al
clearing of the supernatant after
in suspension.
grade decanted to remove the precipitate.
Tests on Combined Locks Mill Effluent
Since Mill F had been one of those in the preliminary jar test studies
on the optimization of soluble BODs removal, only a few additional tests were
conducted prior to the pilot-scale field trials, Data from these tests
(Table 25) substantiated the earlier findings (Tables 15 and 16) that ferric
chloride, ferric sulfate and alum were all effective in removing total and
soluble BODs from this waste stream, We found., however, marked variations in
the amounts of removal with the different concentrations and combinations of
the flocculants used, apparently depending upon the'amounts of spent cooking
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TABLE 23. EFFECT OF pH ON JAR TEST FLOCCULATION
OF MOSINEE CLARIFIER INFLUENTa
Reduction in
Primary flocculant Final BOD5 reduction, % suspended solids,
(mg/l) pH Total Soluble %
Fe3+ 50 10.7 -3 -5 22
100 10.3 -5 -3 55
150 9.9 1 6 72
200 9.4 -- 8 50
Alum 200 10.8 -0.2 1 35
300 10.6 -7 4 18
400 10.4 4 12 2
500 10.2 2 7 15
600 10.1 2 5 30
Influent adjusted to pH 8 with sulfuric acid prior to jar test:
Fe 3+ 50 7.2 6 11 , 75
100 6.8 6 4 72
Alum 200 7.5 -9 5 76
300 7.3 -5 -7 84
400 , 7.1 -' t -8. 20 - 80
aInfluent sample of;2/11/75 had an initial pH of 11.2.
The effect of these spent liquors and other mill discharges on the
overall efficiency of the clarifier is discussed in Section VII.
LABORATORY SURVEY OF SOURCES OF SOLUBLE BOD5 IN MILL SYSTEMS
In a mill system with multiple sewers there are certain streams that
carry the bulk of the BOD and COD. Some of the BOD and COD can be more
easily removed from concentrated streams than from diluted waste, and some
substances may alter the properties of others or interfere with their removal
Therefore, isolation and treatment of these more concentrated streams would
be a logical way to improve the removal of BOD 5 by the clarifiers and thereby
reduce the BODs load on the out-plant treatment system. Importantly also,
the degree of recycling of the process water could be substantially increased.
Separate Sewer Discharges
In our study samples from the separate sewer discharges were obtained
from two of the mills and analyzed for various types of solids, for soluble
and total BOD5, as well as soluble and total COD components (Tables 26 and
27).
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Figure 7. In jar tests with Mosinee mill effluent, pH 8.5, ferric
chloride and ferric sulfate at 25 and 50 mg/l of Fe3+
(a), (b), (d), and (e), precipitated more solids than
when they were used at a higher concentration, 100 mg/l
of Fe3+ (c) and (f).
If one or more of the high BOD 5 streams (the discharges from the CM sew-
er in Mill F or the pulp mill, soda recovery or fifth stage brownstock washer
sewers in Mill K) could be treated separately by flocculation, reverse osmo-
sis, ultrafiltration or some other process, the overall efficiency of the
treatment plant would increase, there would be less of a load on secondary
facilities, and there would be a greater potential for water reuse (details
discussed in Section VII).
Breakdown of Fibers
Another source of soluble BODs was fibers: saccharides and other micro-
bial nutrients are released during the beating of pulp or during the recycl-
ing of fibers in water recovery systems.
In order to study this release of soluble BODs, a beater test was ar-
ranged with a sample of unbleached sulfite pulp in a laboratory beater using
40
a conventional 1-1/2 pound (0.68 kg) test with 12 pounds (5.5 kg) on the bed-
plate. One-liter samples were removed at half-hour intervals during the 90-
minute test period and freeness, total solids, total and soluble BODs, and
total and soluble COD were analyzed on each sample (Table 28).
TABLE 24. VOLUME OF SLUDGE FROM MOSINEE CLARIFIER INFLUENTS
TREATED WITH VARIOUS FLOCCULANTS AND POLYMER
Flocculant Sludge Volume, Final Clarityb
Primary, mg/1 Polymer,a mg/l ml/l pH 0-5
Influent 12/21/74:
Fe3+ 50 None -- 122 5.4 4
50 Here. 0.75 115 5.5 5
Alum 100 None -- 64 6.2 2
100 Here. 0.75 54 6.5 2
Influent 12/31/74:
Fe34+ 50 None - 92 6.3 4
50 Herc. 0.75 80 6.2 5
3+ dFe3 50 None -- 96 6.3 5
50 Here. 0.75 85 6.3 5
Influent 1/16/75:
Fe 3+ 50 None -- 36 6.6 0
50 Here. 0.75 30 6.8 0
100 None -- 48 5.0 0
100 Here. 0.75 60 5.6 3
Alum 300 None -- 96 6.3 4
300 Herc. 0.75 80 6.3 5
aHerc., Hercofloc 812.3.
bClarity: 0 = control (no apparent
5 = clear supernatant.
dAnalytical reagent grade of FeC1 3.
Commercial grade, 42°Be, of FeC1 3.
flocculation)
Soluble BOD 5 and soluble COD markedly increased as the beating progress-
ed and the fibers were fibrillated, releasing materials which became micro-
bial nutrients in the BODs test.
We ran several flocculation tests on portions of the filtrate from a 90-
minute beaten sample (D in Table 28). This sample was passed through a 0.45-
pm filter to remove fibers and insoluble BOD5 and COD components. Ferric
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of soluble BODs) (Table 29). We added cellulose powder (500 mg/1, Whatman,
Standard grade) to provide particles of high surface area and enhance floc-
culation (No. 3 series in Table 29); it slightly increased the removal of
soluble BODs (1-9 percent). At pH 7.7 with alum, the removal was 2 percent
better than at pH 4.2 (2A versus 1A). The addition of cellulose powder and
a pH of 7.7 further increased (to 9 percent) the soluble BOD 5 that was re-
movable with 200 mg/l alum. A combination of cellulose, lime and alum at pH
10.7 (4C) was 23 percent better than lime alone at pH 11.8 (1C) or lime and
alum without cellulose (2C) at pH 10.7 (29 percent increase). Additional
work on the effect of these high BODs streams on the efficiency of clarifiers
was done later in the study and is discussed in greater detail in Section
VII.
TABLE 28. RELEASE OF SOLIDS, SOLUBLE COD,
AND BODs BY BEATINGa
24 Hr Soluble COD Soluble BOD 5
Sample Beating, Freeness, solids, Increase, Increase,
no. min ml g/l mg/1 % mg/1 %
A 0 750 0.29 334 -- 77 --
B 30 370 0.32 396 18.6 77 0
C 60 100 0.35 416 24.6 118 53.2
D 90 30 0.38 462 38.3 128 66.2
1-1/2 lb beater method with 5.5 kg load on the bed plate.
bcanadian standard.
ALTERNATE METHODS FOR REDUCTION OF BODs
Ultrafiltration is a process for the separation of soluble low and high
molecular weight (or size) components into two separate streams through the
use of semiselective membranes under low pressure (less than 300 psig or 21
kg/sq cm). We used ultrafiltration in two trials with effluents from Mill F.
In the first trial a sample of the total mill discharge to the clarifier
was processed through a Westinghouse module using a polysulfone membrane that
had high pH and temperature limits (pH 11.5 and 95°C). Removal of 59-65 per-
cent of the soluble BOD5 was attained in the permeate (that portion of the
solution passing through the membrane). The permeate apparently contained
low molecular weight components, such as acetic acid, that had not been re-
moved by flocculating agents (Table 30, Part A). The flocculating agents,
lime with the polymers Nalco 609 or Dow PAA (polyacrylamide) did not remove
additional soluble BODs from the permeate of the total mill effluent.
The second trial (Table 30, Part B) was conducted with a sample of the
CM sewer effluent, which had been shown in previous work to contain 33 per-
cent of the soluble BODs in 18 percent of the flow going to the clarifier.
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Ultrafiltration without additives removed 69 percent of the soluble BODs, and
activated carbon did not remove any more BODs. Apparently the membrane was
the controlling factor in the removal of soluble BOD. The carbon did not ad-
sorb any of the transferrable components probably because its adsorptive ca-
pacity was used up by larger, more heavily charged molecules.
TABLE 29. JAR TESTS OF VARIOUS FLOCCULATION TREATMENTS
OF FILTERED 90-MINUTE BEATER SAMPLESa
Soluble COD Soluble BODs
Treatment and Flocculant Reduction, Reduction,
sample Type mg/1 pH mg/1 % mg/1 %
1. Flocculant
added:
A Alum 200 4.2 458 2.1 105 0.0
B FeCl3 200 2.7 256 45.3 51 51.0





A Alum 200 7.7 336 28.2 102 1.9
C Alum 200 10.7 449 4.0 109 0.0
3. Cellulose powder
(500 mg/1) added
to No. 1 samples:
A Alum 200 4.2 400 14.5 95 8.6
B FeCls 200 2.7 248 47.0 50 51.9
C Lime 200 11.8 422 9.8 90 13.5
D Control None -- 468 -- 104 
4 Alum added to
No. 3 samples:
A Alum 200 7.7 355 22.0 88 15.4























































































































































































































































The ultimate value of ultrafiltration might be in concentrating the high
molecular weight soluble BODs components and removing them from process
streams. It has been demonstrated elsewhere (21) that ultrafiltration could
be carried to a concentration of 25-35 percent solids without complications
from osmotic pressure buildup which directly affects RO flux rates and con-
centrations. This would be sufficiently high for final disposal by discharge
into the strong pulping liquor streams for evaporation and utilization or
burning. Still another use for ultrafiltration is in reducing the buildup of
high molecular weight solubles in recycled process water within the mill;
this could reduce water consumption and -the volume of overflow to the out-
plant clarifier.
Reverse osmosis, similar to ultrafiltration but operating at higher
pressures (400-800 psig or 28-56 kg/sq cm) with tighter membranes which re-
ject smaller molecules, was tried both as a possible treatment method and as
a further refinement for the permeate from the ultrafiltration process (see
Table 30). The soluble BOD5 removal of 89 percent for reverse osmosis alone
was increased to 92 and 94 percent, respectively, by either the ultrafiltra-
tion pretreatment or the addition of activated carbon to the reverse osmosis
feed. The advantageous use of activated carbon in the reverse osmosis feed,
which had been pretreated by ultrafiltration, substantiates the previous con-
clusion that the high molecular weight materials of the ultrafiltration feed
were utilizing or plugging all of the available adsorptive sites on the car-
bon.
Ferric chloride was added to the ultrafiltration feed in order to de-
velop a floc and possibly increase membrane rejection and soluble BOD5 re-
moval. Ferric chloride actually worked in reverse and increased the transfer
of soluble BOD 5 through the membrane. This loss of membrane rejection re-
duced the removal of the soluble BODs components by 4 percent. Subsequent
tests indicated that the ferric ion did not damage the membrane: after the
module was washed with detergent, it gave salt (NaC1) rejection comparable
to those for a new membrane.
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SECTION VI
PILOT SCALE CLARIFIER STUDIES
GENERAL
The information from jar test studies of the effluents from the Mosinee
and Combined Locks mills were used to prepare a scheme for the treatment of
these mill effluents with a pilot-scale clarifier.
This clarifier had been developed at The Institute of Paper Chemistry
under Project 3029, jointly sponsored by member companies of the Institute,
the Environmental Technology Corporation (ENCOTEC) and the Upper Great Lakes
Regional Commission (12). The stainless steel cone of the clarifier had a
center height of 1.3 meters (4.25 feet) and a diameter of 1.1 meters (3.5
feet). The inlet was downflow through a 5.1-cm (2-inch) stainless steel pipe
with an opening 40 cm (1.25 feet) from the bottom of the cone. It was equip-
ped with an overflow weir which discharged into a 5.1-cm (2-inch) trough
around the entire circumference of the top.
This section of the report covers the initial laboratory "shakedown"
studies, the on-site studies at the mill in Mosinee, Wisconsin from January
15 to April 4, 1975, and the on-site studies at the mill in Combined Locks,
Wisconsin from April 8 to June 26, 1975.
The problems encountered and some of the solutions developed for the
correction of these problems are discussed. Data are given and discussed for
the removal rates attained for suspended solids, total and soluble BODs and
color.
TRIALS WITH THE PILOT CLARIFIER UNDER LABORATORY CONDITIONS
Three thousand gallons of Mosinee clarifier influent were delivered by
truck to the Institute early in January 1975 and were used to check the oper-
ation of the clarifier system (Figure 8) without the samplers or the submers-
ible pump (P-l).
The system consisted of the following items and arrangement:
1. A tank (T-l) provided a constant supply of waste to be treated.
2. A feed control pump (P-2) maintained a constant feed rate.
3. A 35-liter (9-gallon) reactor tank (T-2) with a high speed
mixer provided rapid mixing of the waste with the primary
flocculating agent and permitted gravity flow to the balance
of the stream.
4. The flow from the reactor tank was into an open pipe extending
to the bottom of the flocculator tank (T-3). If polymer was























































































































































































































































































































































































into a quiescent zone approximately one-quarter of the dis-
tance down the pipe in order to provide adequate mixing with-
out excessive turbulence or floe dispersion. In the center
of this tank was mounted a slow speed (20 rpm = 1.6 fps periph-
eral velocity) paddle that mixed without excessive shear.
5. The overflow from the flocculator tank passed downflow into
the clarifier (T-4), with the flow from the weir trough into
a small sampling pot (T-7) and then to the sewer.
6. In these laboratory studies the sludge was removed from the
bottom of the clarifier by gravity flow through a vented
overflow pipe (not shown) that could be raised and lowered to
control the rate of flow. Both gravity flow and a pumping
system were used in the field trials and are discussed in the
following part of this section.
7. The flocculating agents were stored in small tanks (T-5,6) and
were metered into the system with tubing pumps (P-3,4).
We used this equipment to do a brief laboratory study of the effects of
waste flow and sludge removal rates, at a constant level of flocculating
agent(s), on the quality of the discharge produced. An excellent quality
discharge (Table 31) appeared to be produced if the waste feed and the sludge
discharge rate resulted in an overflow rate of 140-150 liters per square
meter per day (400-425 gallons per square foot per day). The removal also
appeared to be dependent upon the type of sludge blanket developed in the
clarifier. Best results were obtained with the level at least five centime-
ters (2 inches) from the top to prevent floe carryover, but not less than one
meter (3 feet) from the bottom; i.e., 60 cm (2 feet) above the waste inlet.
This arrangement seemed to promote the development of larger floe particles
and a filtration effect to markedly enhance the quality of the discharge.
These parameters were, therefore, selected for the operation of the unit
during the field trials.
EQUIPMENT AND OPERATION AT MOSINEE PAPER CORPORATION
The IPC system was to be operated in parallel with the two mill clari-
fiers and was, therefore, installed in the waste treatment plant in a con-
crete building. This building was immediately adjacent to the two commercial
clarifiers and was unheated, except for heat from the incoming waste stream.
Due to the arrangement of the waste stream flow pattern, it was neces-
sary to use a submersible pump (P-1 in Figure 8), mounted in the waste treat-
ment trench immediately downstream from the bar and traveling screens, to
lift the waste to floor level (2-2.5 meters or 6-8 feet) at a rate of 19-30
liters (5-8 gallons) per minute.
The flow from the submersible pump was directed into the bottom of a
190-liter (50-gallon) stainless steel tank (T-l) for supplying a centrifugal
feed pump (P-2) with the excess overflowing to the sewer near the influent
sampler. This tank also contained the pH recording equipment.
The feed pump (P-2) maintained a waste flow of 11.4 liters per minute
(3 gpm) into the reactor tank (T-2) and the only other modification of the
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equipment, over that described in the laboratory trials, was the installation
of a pump in the sludge removal line during some of the trials.
TABLE 31. LABORATORY EVALUATION OF PILOT-SCALE CLARIFIERa
Over- Sludge Flocculant, mg/1 % Removal of
flowb removal, Primary Polymer Suspended BOD 5
rate % Fe3+ H812.3 solids Color Total Soluble
369 20 87 1.3 99 55 24 8
395 13 64 0.78 99 79 34 17
406 10 61 0.77 99 -- 29 9
425 10 52 0'.77 97 46 36 10
526 15 51 0.77 19 49 19 13
579 12 51 0.77 -52 49 5 16
587 10 50 0.77 -29 48 0 0




Suspended solids = 234 mg/l
Total BOD 5 = 134 mg/l
Soluble BOD5 = 114 mg/l
Color = 130 units.
foot/day based on surface area of clarifier.
SAMPLING AT MOSINEE PAPER CORPORATION
During the first part of the mill study, influent and effluent samples
were taken with two Model WM-5-24R refrigerated Sigmamotor samplers (Sigma-
motor, Inc. of Middleport, New York) set to take individual samples hourly
around the clock. In order to reduce the analytical load, these were com-
posited into 12-hour samples daily.
It soon became apparent that the rapid changes in mill discharge (Table
32 and Figure 9) would not permit such an infrequent sampling scheme. A
third sampler, a CVE refrigerated unit (Quality Control Equipment Company of
Des Moines, Iowa) capable of taking small samples at short intervals (1-60
minutes) for compositing in a 4-liter (l-gallon) bottle, was placed in the
influent stream. This unit was set to take 40-ml samples at 15-minute in-
tervals and the 12-hour composites were compared with those from one of the
Sigmamotor units taking 400-ml aliquots from the same influent.
Poor correlation was evident (Table 33) and a second trial was made.
This was with four samplers in the following arrangement:
a. The two Sigmamotor samplers on the influent and effluent streams
set at 30-minute intervals, taking 24 400-ml samples in 12 hours.
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I
b. The CVE sampler on the influent line taking a 40-ml sample every
10 minutes.
c. A polystaltic tubing pump (Buchler Instruments of Fort Lee, New
Jersey) set to take 9 ml per minute continuously was used on the
effluent line.




No. pH solids BOD 5 BOD5
1 10.12 210 241 203
2 10.07 628 206 178
3 9.57 494 166 138
4 9.63 145 155 138
5 9.11 85 129 116
6 9.48 144 135 114
7 8.86 265 143 140
8 9.40 152 163 140
9 9.19 97 148 140
10 9.30 76 127 117
11 9.78 94 138 135
12 9.60. 115 132 124
13 9.59 267 148 118
aSamples taken at hourly intervals (start 10 a.m.
1/16/75).
Analytical comparisons were excellent (Table 34) and indicated that the
Sigmamotor samplers could be used to take representative samples if the 30-
minute cycle was used.
In order to compensate for the "system holdup time" of 90 minutes, the
samples were composited to obtain representative samples from the same 12-
hour test period. This was readily accomplished by compositing the individu-
ally numbered bottles in groups so that those from the effluent were three
bottles "behind" those for the influent.
Samples of the mill clarifier influent and effluent were taken at 7:30













































































































































































































































































































































































































































































































































































































































































































TABLE 34. ANALYSIS OF SPECIAL AND REGULAR SAMPLES OF.












































































All samples composited on a 12-hour basis.
A and B: A composite of 400-ml samples taken by Sigmamotor samplers at 30-minute intervals
on influent and effluent.
AA: A composite of 4 0-ml samples taken by a CVE sampler at 10-minute intervals on
influent.
BB: Continuous sample taken by a polystaltic pump at 9 ml/min from the effluent.
No. 1 & 3: 7:00 a.m. to 7:00 p.m.
No. 2 & 4: 7:00 p.m. to 7:00 a.m.











For analysis all samples for BOD 5 were stored at 4°C (40°F) and the
others were maintained at room temperature.
TESTING SCHEDULE AT MOSINEE CORPORATION
In order to establish a comparison between the mill and IPC clarifiers,
the first trial was the operation of the pilot unit under conditions as near
those of the mill as practical. Since we were not attempting to develop op-
timum clarification at high hydraulic loadings, but merely to study the in-
creased removal of the soluble BOD 5 from the waste stream while operating
under different chemical treatment conditions, it was not necessary to show
that we could exactly duplicate mill operation. Rather, it was more impor-
tant to show that any increase in BODs removal was due to the chemical addi-
tives and not to the clarifier design alone.
We developed a "base line" by operating the IPC unit with Hercofloc
812.3 at 0.75 mg/l and with a waste flow rate of 11.4 liters/min (3 gpm) in
parallel with the two mill clarifiers. The Hercofloc addition duplicated
mill treatment. If a 10 percent sludge withdrawal could be maintained, the
pilot clarifier overflow would be 1.6 liters per sq cm per day (400 gallons
per sq ft per day), approximately one-half that of the commercial unit.
The efficiency for removal of BODs in the small unit was slightly less
than for the mill units under the same conditions and time period. This in-
dicated that the design of the IPC clarifier did not promote more removal and
that any increases found in later trials using chemical additive would be di-
rectly attributable to the chemical treatment.
Following the development of the base line, other chemical treatment
schemes based on the laboratory studies were tested:
A. Base line using 0.75 mg/1 Hercofloc 812.3.
B. Alum at 200 mg/1 plus 0.75 mg/1 Hercofloc 812.3.
C. Ferric chloride at (100 mg/1 as Fe3+ ) plus 0.75 mg/l Hercofloc
812.3.
D. Ferric sulfate (50-100 mg/l Fe3+ ) without the polymer.
E. A second base-line study with the Hercofloc.
F. Sulfuric acid for pH adjustment only.
G. Sulfuric acid for pH adjustment plus the Hercofloc.
H. Ferrous sulfate (100 mg/1 Fe 2+ ) plus 0.75 mg/l Hercofloc.
The original plan was to have tests of two weeks' duration. Unfortu-
nately, the several periods of problem and solution development we encoun-
tered early in the study delayed the program and resulted in shortened test
periods (for F, G, and H, above) near the end of the study. Also, throughout
almost the entire trial period, the Mosinee mill was on a reduced work week
(4 days), which limited the operation of the small clarifier to the period
between 9:00 a.m. Tuesday and 4:00 a.m. Saturday, thereby limiting the number
of samples per week.
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RESULTS AND DISCUSSION OF WORK AT MOSINEE
In our first attempt to establish the base line, we immediately encoun-
tered three problems:
The first problem related to the submersible, centrifugal sump pump in-
stalled in the waste trench. It had a small 2.5-cm (1-inch) inlet hole in
the baseplate and due to the high fluid velocity in the waste trench, an
"aspirator" effect developed across the inlet when the pump was vertically
mounted, and we were unable to pump sufficient waste. Mounting the pump at
a 90° angle pointed downstream increased the aspiration effect, while mount-
ing it pointed upstream resulted in rapid plugging of the. inlet hole with
pitch and debris not removed by the bar or traveling screens. This problem
also extended to the centrifugal pump used for feed control.
The second problem was due to the high suspended solids content of the
Mosinee waste. A centrifugal pump was the only available pump that was con-
sidered suitable for control of the flow at the 11.4 liters per minute (3
gpm) rate. A one-half inch Eastern centrifugal pump was, therefore, used to
control the rate of waste fed to the clarifier unit, and at first the rate
was controlled with a 1/2-inch valve on the pressure side of the pump. This
rapidly plugged with pitch and fibers and resulted in erratic flow patterns.
The third problem developed in the gravity sludge removal system. Set-
tling of the high suspended solids content rapidly overwhelmed the available
space in the clarifier and resulted in solids carryover, even in the absence
of chemical agents, other than the Hercofloc 812.3.
In order to reduce these problems:
1. A conical screen (20 mesh), 18 inches long,by 7 inches in diameter,
was installed on the submersible pump. Wen installed with the apex of the
cone mounted upstream, the pumping action was excellent and the cone was
somewhat self-cleaning. When mounted with downstream orientation, which
should increase the self-cleaning aspect of the cone shape, the flow was re-
duced below acceptable levels. Periodic cleaning, with high pressure water,
was required to maintain an adequate supply to the system.
2. The centrifugal feed pump was fitted with a smooth-bore orifice
plate for flow control and with periodic cleaning this provided better flow
control.
3. A multihead tubing pump (Brosites) was installed in place of the
gravity system for sludge removal. In the last four trials a throttled cen-
trifugal pump was tried in this position and found to work the best of any
of the schemes attempted.
Although none of these worked perfectly and problems were encountered
from time to time, failure of the system could be minimized with careful
cleaning and operation procedures.
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Data for the trials with the various flocculating agents and for the
base lines are summarized in Table 35. The more detailed analysis of the in-
dividual samples are in Appendix B (Figures B-1 to B-10, Tables B-1 to B-5).
These data were first used to establish confidence limits and the following
summary was developed.
1. Both the initial and final trials (A and E of Table 35) with 0.75
mg/l Hercofloc 812.3 indicated, as previously.noted, that the IPC unit was
equal to or slightly less efficient than the mill clarifiers in removing sus-
pended solids, soluble BOD5 and color.
2. The reason for the marked difference noted in the total BOD5 reduc-
tions for the mill clarifier during the second trial is unknown; throughout
the study period there had been a slow, progressive increase in the effi-
ciency of the mill clarifier in,removing BOD5; i.e., from 14 to 35 percent
between Trials A and H. This was not readily traceable to changes in the
concentration of BODs going to the clarifiers during this period, since these
were on the average 161, 120, 138, 181, 161, 211, 114 and 178 mg/liter for
Trials A to H, respectively.
3. Alum with polymer and without pH adjustment, as predicted by the
laboratory trials, did not increase the removal of the BOD 5 components but
did markedly increase the efficiency of removal of suspended solids and
color.
4. The ferric ion, both as chloride and sulfate salts, was an excellent
flocculating agent for removing BODs, the chloride form being more effective
than the sulfate for suspended solids. The chloride could have been better
because the final pH was nearer to the optimum for the Fe + produced flocs
(pH 4-5).
5. Ferrous ions, at the level of 100 mg Fe2+/1, appeared to reduce the
efficiency of the system even with the addition of polymer. While this level
of ion was below that which would be theoretically required by the Schulze-
Hardy rule, which states that the concentration of the counterion required to
collapse the double layer and produce rapid flocculation is inversely propor-
tional to the 6th power of the valence, it was the highest level practical
during our trials due to the low solubility of the commercial grade ferrous
sulfate. Based on the effectiveness of the ferric ion at 100 mg/l, the level
of ferrous ion theoretically required would have been approximately 1100
mg/liter.
6. The use of sulfuric acid to decrease the pH was one process under
consideration by the mill for use in the large clarifiers. A trial was,
therefore, designed to test this procedure for the removal of some of the
components from the waste stream in the small system; but due to the mechani-
cal difficulties we had encountered earlier in the trial period, only a short
period was available near the end of the study. Although the data were in-
sufficient to provide reliable comparisons with mill operation, laboratory
studies have shown that pH reduction to below 4.5 resulted in marked reduc-
tion in suspended solids and total BODs, with little effect on the soluble












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































These trials, with ferric, ferrous, and aluminum ions, and especially
with the iron salts, have shown that an increase in clarifier efficiency (12
percent for total BODs, 15 percent for soluble BOD5 and up to 66 percent for
color) could be attained with the Mosinee waste. The sulfate form might be
preferable to the chloride, particularly if the sludge were to be burned, be-
cause it is less corrosive.
One of the principal practical observations we made in the field study
at this mill was on the effect of strong digester room spent liquors and
washes on clarifier performance. Visual, analytical, and other evidence
showed that heavy slugs and spills of these wastes - some of which lasted
several hours - adversely affected clarification. A single program of grab
sample collection was undertaken to help indicate the sources of strong pro-
cess waters. The analytical data from the study of that one set of grab sam-
ples are summarized in Table 27, previously described, and showed the rela-
tive strength of the various soluble materials in these samples. The effects
of these streams will be discussed in greater detail in Section VII.
EQUIPMENT AND OPERATION AT COMBINED LOCKS, APPLETON
PAPERS DIVISION OF NCR
The clarifier equipment that had been used in the Mosinee field trials
was cleaned and transferred to Combined Locks on April 7, 1975. Since it was
again to be operated in parallel with the mill system, it was placed in the
treatment plant building which was immediately adjacent to the two mill clar-
ifiers. A tee was installed in the main influent line to these two clarifi-
ers and this stream was fed into the 50-gallon day tank (T-1 in Figure 8).
This eliminated the need for the submersible pump. At Mosinee we had encoun-
tered some difficulty with uneven flow over the weir of the small clarifier.
Although the unit had three leveling legs, the top rim was not level around
the entire periphery. Spot.overflow occurred; the floc subsequently "stream-
ed" at these points and efficiency decreased.
An adjustable leveling device for the top of the clarifier at Combined
Locks was made of small strips of slotted plastic installed along the entire
overflow edge. Carefully manipulated (up and down), these could be used to
establish an overflow around the entire circumference. This helped to main-
tain a smooth top on the sludge blanket and virtually eliminated spot over-
flow except when the strips were disturbed during the weekly cleanup.
Two other basic changes were made for operation at the Combined Locks
mill to provide better control. The high fiber content of this waste stream
overwhelmed the sludge disposal system on the IPC clarifier. In order to re-
duce the fiber content and still retain in the influent the fine particles
required for good floc formation and BODs removal, we installed a side hill
screen with 60-mesh wire over the top of the day tank. Later, when we en-
countered difficulties in maintaining a clean surface in the base-line study
(A), we changed this to a Hydrasieve (C. E. Bauer, Springfield, Ohio) with
0.010 inch slots (Figure 10).
A centrifugal pump with electrical speed control was used to control the
sludge level in the clarifier and the hose was clamped on the outlet side.
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This was changed to run at low speed with the hose clamp removed, and the
time of operation was controlled with a timed ON/OFF switch (Trial D). This
permitted relatively close control of the sludge blanket level that had var-
ied both with the "quality" of the waste fed to the system as well as with
the type of flocculating agent.
Figure 10. Bauer Hydrasieve used to remove the longer fibers
from the Combined Locks mill effluent
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Since the level of the sludge blanket in the clarifier was apparently
very important to the efficiency of the system, thought should be given to
provision of a sensing type of control system for any future work with this
unit.
SAMPLING AT COMBINED LOCKS
The two Sigmamotor samplers were used on the influent and effluent
streams. Comparisons were again made with these two samplers, the CVE sam-
pler and the polystaltic pump. The Sigmamotor samplers were set to take 400-
ml samples every 30 minutes, the CVE sampler a 50-ml influent sample every 8
minutes, and the tubing pump a continuous 9 ml/min sample of the effluent.
Samples from each were composited every 12 hours.
Data in Table 36 indicate that representative samples were taken by the
Sigmamotor samplers set at the 30-minute sampling frequency. To provide for
the "system hold-up" we used the same "lag period" in compositing that we
used at Mosinee. Samples of the mill clarifier effluent were taken by the
mill staff every morning and were analyzed at the IPC laboratories for com-
parison with those from the small unit. The mill had no provisions for tak-
ing 24-hour composites of the mill clarifier influent, so the influent values
for the IPC clarifier for the same test period were averaged for comparison
of percentage removal values for total and soluble BOD5 and color. Since the
Hydrasieve removed considerable quantities of fiber from the influent pro-
cessed by the IPC unit, the removal of suspended solids could not be compared
with that of the mill system.
TESTING SCHEDULE AT COMBINED LOCKS
The Combined Locks clarifier operates without chemical additives and de-
pends upon gravity sedimentation for clarification. The "base-line" trial
(Trial A) of the IPC unit was, therefore, made without chemicals. This was
followed by trials:
B. Ferric chloride at 75 mg/l Fe3 .
C. Ferric chloride at 75 mg/l Fe 3+ with 0.75 mg/l Nalco 73C32.
D. Ferric sulfate at 100 mg/l Fe3 .
E. Alum at 300 mg/l.
F. Alum at 300 mg/l with 0.75 mg/l Hercofloc 812.3.
G. A second base-line study with no chemical additives.
Because the IPC system was not automatically controlled and because
clarifier influent quality changed rapidly on Saturdays and Sundays, we usu-
ally limited our trials to 8:00 a.m. Monday through 7:00 a.m. Saturday;
several trials, however, extended through the weekend.
RESULTS AND DISCUSSION
The Hydrasieve, cleaned frequently, provided good influent for the IPC
clarifier. The basic problems at this site were with plugging of the influ-
ent line between the mill main line and the 50-gallon per day tank and with
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blanket levels. The first remained a recurring problem throughout the study.
The sludge blanket was fairly adequately maintained with the installation of
the time-controlled centrifugal pump.
Data from these trials (Tables C-1 to C-7 and Figures C-l to C-14 in
Appendix C) were checked for validity (mathematical confidence limits) on the
IPC computer. Averaged data for the seven trials are given in Table 37 and
are summarized as follows:
1. The first base line (Trial A) showed that the IPC clarifier
removed slightly more total BODs than the mill unit did, but
removed equal amounts of soluble BOD 5 and no color. In the
second base line (Trial G) at the end of the series the units
operated at equal efficiency.
2. Ferric ion, either as the chloride or sulfate salt (Trials B
and D) provided excellent removal for total and soluble BOD 5
as well as color.
3. The addition of the polymer Nalco 73C32 (Trial C) to the ferric
chloride slightly reduced the efficiency for total and soluble
BODs removal but had no effect on the color removal.
4. Alum, as predicted by the laboratory jar tests, did not appear
as effective as the ferric ion in removing BODs but was equiv-
alent to it in reducing color.
5. The addition of the Hercofloc 812.3 polymer to the 300 mg/l
alum markedly increased the removal of total BOD 5 to well
above the level achieved with the other flocculating agents
but had no effect on the reduction of the soluble BODs.
The high "negative" soluble BODs removal in the two IPC base-line trials
(Appendix C-1 and C-7), as well as throughout the test period for the mill
clarifier, could not be explained. This finding, however, did correlate with
the darker color of the sludge from the mill clarifiers (lighter fibrous ma-
terial was in the influent waste stream) and might indicate development of
both color and soluble BODs from the "particulate matter" during clarifica-
tion.
Spent liquor entering the influent system through spills or deliberate
discharges had the same deleterious effect in this study at Combined Locks as
it did at Mosinee. This, according to the Combined Locks mill staff, has
been one of the causes of clarifierupsets that have occasionally plagued
their operation. Operation of the pulp and paper mill under strict control
of spills and similar discharges (i.e., good housekeeping) has minimized
these upsets.
In our laboratories we studied the effect of the various sewer dis-
charges on clarification, and the data developed in these studies are dis-
cussed in detail in Section VII.
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TABLE 37. CLARIFIER STUDY - COMBINED LOCKS PAPER CORPORATION
AVERAGE EFFLUENT QUALITY AND REMOVAL
VALUES FOR IPC AND MILL CLARIFIERS
Effluent quality
Suspended BODs Removal, %a
solids, Total, Soluble, Color BODs
Clarifier mg/l mg/l mg/l units Total Soluble Color




































C. IPC unit with ferric chloride (75 mg/l























































F. IPC unit with alum (300 mg/l) + Hercofloc 812.3











G. Both units without chemical flocculating agents
only):
IPC 50 239 214 252
Mill 52 236 208 254













aMill did not sample influent; values are based on average of IPC influent.
SECTION VII
JAR TESTS WITH INDIVIDUAL SEWER DISCHARGES
GENERAL
In Section V of this report, the BODs sources making up the total dis-
charge of the mill to the clarifier were listed and briefly discussed. In
the field studies (Section VI) we had noted a marked decrease in the effi-
ciencies of both the mill and IPC clarifiers when larger than usual amounts
of spent liquor were in the waste stream being processed.
In this section we detail and discuss the studies made on the efficiency
of the soluble BOD5 removals realized when individual sewer streams were
treated. These individual sewer effluents were also used to make a "synthet-
ic" mill effluent by compositing each on the basis of its volume to the over-
all volume of the total mill discharge.
Using these same individual streams, we prepared various composites,
omitting one stream at a time, to determine the effect the omission had on
the overall efficiency of BODs removal by clarification.
Ferric chloride (25, 50, 75, 100, and 150 mg/l Fe3+), alum (50, 100,
150, 200, 250, and 300 mg/l) and combinations of these two primaries with
0.75 mg/l of either Hercofloc 812.3 or Nalco 73C32 were used with each stream
and composite.
Values for total BODs and, when time permitted, soluble BODs for the
treated samples were compared with untreated (settled) control samples for
the determination of BODs removal.
TESTS ON MOSINEE INDIVIDUAL SEWER SAMPLES
Some of the mill discharge streams, especially the "high density," pulp
mill and paper machine sewers, could be effectively treated with the proper
concentration of the primary flocculants (Figures 11 and 12, Legends 1-11)
or primary flocculant-polymer combinations (Legends 12-23). These bar graphs
display that in others, such as the foul evaporator condensate, soda recovery
wastes, and digester room wastes, the BODs level was not substantially af-
fected by any of the flocculating agents. Those bars shown below the zero
line in the lower section of the figures indicate negative removal of BOD,
probably due to prolonged holding time. These waste flows should be treated
by routes other than clarification (i.e., steam stripping of the conden-
sates).
In our earlier work with the individual streams we found that toxic ma-
terials were in some samples, and they interferred with the BOD5 test (Table



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 38. BOD OF INDIVIDUAL EFFLUENT STREAMS
AND TOTAL MILL EFFLUENT OF MOSINEE MILL
Source Dilution mg/1
Digester sewer 120 637
600 633








High density sewer 30 141
100 174
150 172




foul condensate 300 1023
600 1325
750 1300
Soda recovery sewer 600 4236
1500 4188
Total mill effluent 60 271
150 280
of BODs in these streams without careful dilution techniques. Excessive
amounts of these same toxic agents would also interfere with the operation
of a biological secondary treatment system and for this reason, if for none
other, their presence in the total effluent should be held to a minimum or
completely eliminated. Discharges into individual mill sewers were used to
prepare a "synthetic" total mill effluent in the following volume relation-
ships:

















Digester blowdown 0.07 0.6
Digester 0.05 0.4
5th Stage brownstock washer 0.035 0.3
Total 12.835 100.0
To find the conditions for maximal BODs reduction when individual wastes
were omitted from the system, we made combinations of seven of these eight
wastes and treated them also in jar tests. Data in Figure 13 indicate that
higher levels of BOD 5 removal could be achieved with less chemical if certain
individual discharges were eliminated from the flow. That is:
1. The "total" effluent required 250 mg/l of alum for 17 percent
reduction or 75 mg/l Fe + for 42 percent reduction in BODs.
2. With the soda recovery sewer flow eliminated, a 250 mg/l alum
level resulted in 26 percent reduction and the Fe3+ at 50 mg/l
resulted in a 51 percent removal of BOD5.
3. The absence of the pulp mill sewer from the total flow, with
all other flows present, permitted a 60 and 63 percent reduc-
tion in the BOD5 concentration in the waste stream for 100 mg/l
alum and 50 mg/l Fe3+, respectively.
When 1 percent v/v of the digester room waste was added to a mixture of
wastes having relatively good clarification characteristics (paper machine
and high density wastes), higher concentrations of flocculating agent were
needed to produce an effluent of adequate discharge quality (Figure 14).
Attempts to calculate BODs balances for these various discharge combi-
nations, and to correlate these with the actual BOD5 values obtained, was
apparently hindered by some interaction(s) between these wastes. This could
have been due to changes in the toxicity of the mixtures for the microorga-
nisms in the BODs test.
The difficulty in calculating material balances for the total or soluble
BODs of the individual streams and composites is due to the fact that all of
the initial BOD5 values for these samples were on "settled" jar samples.
Settling removes BOD5 and the removed BOD could not be accounted for in the
calculations of BODs balances. In these samples, the interaction of the ad-
sorbing character of fibers and particles with the dispersing character of
the various mixtures could markedly affect BODs removal during the settling
step, thereby modifying the "initial" BODs of the mixture. The importance
of this interaction in the overall flocculation-clarification process should
be investigated further in any attempt to improve the process.
TESTS ON INDIVIDUAL STREAMS FROM COMBINED LOCKS MILL
The five streams making up the bulk of the flow to the clarifiers at
Combined Locks - from the main, "CM," wet room, Number 5 and Number 6 sewers
- were tested individually for the removal of BODs in jar tests with ferric
chloride, alum and combinations of these with either Hercofloc 812.3 or
Nalco 73C32. We also prepared a composite "total" mill effluent and compos-





















































































































































































































































































































































































































































































































































































































































































































































































































As predicted by our earlier work, those streams having low spent liquor con-
tent, i.e., Number 5 and main sewers, had good supernatant quality (Figure
15). The BODs removal was good with relatively low concentrations of Fe3+
or alum (Figure 16).
. .
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Figure 14. Jar tests show mixed effluents with addition of, left
to right, 25, 50, 75, 100, and 150 mg/l Fe 3+; the con-
trol, no addition, is jar f. A Mosinee effluent was
used composed of: (bottom row) paper machine and high
density sewer effluent, and (top row) the above with
1 percent v/v digester room effluent.
The chemical concentrations of ferric chloride and alum required to ef-
fectively remove both suspended solids (for high supernatant clarity) and
BODs was higher for the "total" effluent than for the various composite
streams (Figure 17). As the individual streams were removed from the system,
the quantity of flocculants was reduced, especially for those mixtures with-
out the "CM," wet room or Number 6 sewers. The Number 5 sewer stream had
good removal characteristics, with low chemical requirements, as an individ-
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Figure 15. Jar tests with Combined Locks individual sewer effluents,
a-e (main "CM,"'wet room, machine No. 5 and machine 
No. 6). Top row: with 25 mg/l Fe3'; bottom row: with
20 mg/l alum. Control wastes did not settle without





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































DISCUSSION OF THE MECHANISMS OF SOLUBLE BODs REMOVAL
The studies with jar and pilot-scale clarifiers have readily confirmed
that substantial quantities (as much as 20 to 50 percent) of the soluble BOD 5
are removed in clarifiers by coagulation aids and that the removal can be a
significant factor in the treatment of pulp and paper mill waste waters.
Our data show that, at least to some extent, the reactions leading to
improved BODs removal can be optimized in well operated and controlled clari-
fier systems. Several studies-were made in an attempt to better define the
mechanism for reduction of soluble BODs during the treatment of process
waters in primary clarifiers.
It had been evident from the beginning of the study that some of the
soluble BODs could be removed from the waste stream by several processes
(membrane, ion-exchange) and that no one mechanism could be credited for the
entire effect.
GEL CHROMATOGRAPHY STUDIES
The components responsible for the soluble BODs in clarifiers can be di-
vided into two classes, wood-derived chemicals and additives. The wood de-
rived chemicals include degraded cellulose, hemicellulose, hemicellulose
degradation products (reducing sugars, acetic acid, methanol and uronic
acids), extractives and in small, perhaps minor amounts, metabolites common
to living tissues (adipic acid, oxalacetic acid, etc.). Additives used in
papermaking include starches, polysaccharides, gums, latexes, resins, dyes,
etc. Some mills will also have organic solvents such as methanol, acetone,
etc., which are biodegradable. The organic solutes that pass the 0.45-im
filter probably comprise colloids, low molecular weight polymers, oligomers,
monomers and simple organic compounds.
To better understand the removal of soluble BOD5 by coagulation, we
treated the effluent from a chemimechanical mill (Combined Locks mill) with
the various flocculating agents. Using gel chromatography we measured mo-
lecular size distribution before and after flocculation and clarification.
Samples were filtered on a 0.45-1im filter prior to chromatography. The
gel chromatography was carried out on Sephadex G-50, a gel which excludes
(allows no equilibration with the gel pores) molecular weights 10,000 and
above and includes (allows complete equilibration with the gel pores) molec-
ular weights of 500 and below. Molecular weights between 500 and 10,000 are
fractionated according to the number of pores with which the molecules equil-
ibrate.
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Figure 18 shows the TOC (total organic carbon) of 2 ml of a tenfold con-
centrate as it elutes from a 1 x 55-cm column. The second curve shows that
after flocculation with 70 mg/l ferric chloride not only are large molecular
weight residues removed, but also low molecular weight molecules. The curves
in Figure 19 were obtained when a similar sample (l-ml sample of fivefold
concentrate) was fractionated on Sephadex LH 20 (mol. wt. 5000 to 200) before
and after coagulating with 10 mg/1 of Nalco 73C32, a cationic polyelectrolyte
and analyzed for aldoses by the phenol-sulfuric acid test (8). The low mo-































Figure 18. TOC and molecular weight distribution of gel-chromato-
graphed chemimechanical mill effluent before and after






Figure 19. Phenol sulfuric acid test for aldoses and molecular
weight determination of gel-chromatographed chemi-
mechanical mill effluent before and after coagula-
tion with 10 mg/1 Nalco 73C32. One-ml samples of
eluate were analyzed.
The phenol-sulfuric acid test measures aldoses and polymers of aldoses
when borate interference is observed. The solutions analyzed in this report
showed enough borate sensitivity to indicate the test was responding primar-
ily to aldoses and polymers of aldoses and not to noncarbohydrate aldehydes.
When a sample fractionated on Sephadex G-50 was divided into three frac-
tions corresponding to high, medium and low molecular weights and analyzed
for TOC, aldose and BODs, the results summarized in Table 39 were obtained.
The percentage change for the soluble BOD 5 was not as great as that observed
for the aldoses or TOC. Apparently not only low molecular weight biodegrad-
able materials were removed but also low molecular weight nonbiodegradable
organics.
Das and Lomas explored the different mechanisms of the flocculation of
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able to show that bridging (the adsorption of two sections of a polymer to
two colloids) was a significant part of the cellulose fines flocculation.
Such a mechanism could also occur with the other polyelectrolytes and with
ferric chloride which hydrolyzes and polymerizes to a polyelectrolyte (14).
The mechanisms for the coagulation of cellulose fines involved collapse of
their double layer followed by adsorption and bridging. Lower molecular
weight residues were generally difficultly adsorbed. Their participation in
coagulation probably depends on salt formation and chelation. Such salt for-
mation by hydrolyzed iron can be demonstrated with gel chromatography. Figure
20 shows the elution curve for a mixture of ferrous ammonium sulfate and so-
dium gluconate. The complexes absorb ultraviolet light and are, therefore,
detectable with the UV absorptiometer at 280 nm. Iron values were obtained
by the o-phenanthroline test. Because the curve shows that at a pH of 2.0,
most of the iron elutes from Sephadex LH-20 and G-15 (fractionation range
150 to 10,000) in the highest molecular weight fraction, the complexes prob-
ably have molecular weights of 10,000 and above. Figure 21 shows the dis-
tribution of the complexes when the pH of the solution was 7.0. At higher pH
more of the iron was in the lower molecular weight fractions.
TABLE 39. REMOVAL OF DIFFERENT MOLECULAR WEIGHT
FRACTIONS OF ORGANIC RESIDUES BY FLOCCULATION
Sample
Effluent treatment UNF HMW MMW LMW
Phenol-sulfuric acid test;
total absorbance, 480 nm
Filtered -- 7.5 3.9 5.2
Floccedb and filtered - 3.0 2.4 2.5
Reduction, % - 59.9 38.6 51.9
TOC, mg/l
Filtered 3424 774 457 2301
Flocced and filtered 2150 320 272 1387
Reduction, % 43.9 58.6 40.5 39.7
BOD5, mg/l
Filtered 3840 552 487 2689
Flocced and filtered 3080 379 368 2131
Reduction, % 19.8 31.3 24.4 20.7
aUNF, unfractionated; HMW, high molecular weight (10,000 and
above); MMW, middle molecular weight (500-10,000); LMW, low
molecular weight (500 and below).
b 
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Figure 20. Ultraviolet light transmittance profile and molecular
weight distribution of a gel-chromatographed solution
of sodium gluconate and ferrous ammonium sulfate, pH 2.
If these biodegradable low molecular weight residues which participate
in the coagulation are carboxylic acids, then the mechanism for their removal
could be the complexing and/or chelating of the Fe 3+ of the ferric chloride.
As the ferric chloride hydrolyzes, more and more insoluble oligomeric forms
of the hydroxide are formed. Whether or not the iron system would flocculate
the low molecular weight residues without concomitant flocculation of poly-
mers and/or suspended solids was not determined.
The types of carboxylic acids which might be derived from wood and form
complexes with iron include the Krebs cycle acids (citric, adipic, oxal-
acetic, etc.), oxalic, aldonic, and uronic acids, and aromatic acids. Since
little ultraviolet absorption was found associated with the low molecular
81
weight gel chromatography fractions, aromatic residues have not been consid-
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Figure 21. Transmittance and molecular weight distribution of
a gel-chromatographed solution of sodium gluconate
and ferrous ammonium sulfate, pH 7.0.
The sewer to the Combined Locks clarifier has five principal tribu-
taries two of which gave aldose test responses strong enough for analysis by
gel chromatography' after the effluent was concentrated fivefold. The column
elution curves are shown for the digester room effluent and the paper mill
effluent (Figure 22). The digester room effluent showed predominantly high
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Figure 22. Phenol sulfuric acid test for aldoses andmolecular weight







Since this particular mill uses starch as one of its additives, one of
the aldoses could be glucose and/or related starch degradation products.
STUDIES ON INFLUENT AND EFFLUENT SAMPLES FROM THE FIELD TRIALS
Clarifier influent and effluent samples from the two trials, at Mosinee
and Combined Locks mills, were sent to the Analytical Section of the Insti-
tute for carbohydrate and weak acid determinations. Data are given in Table
40 for the results of these analyses on samples from high, intermediate and
low soluble BODs removal levels during clarification.
The carbohydrates were determined by gas chromatography after acid hy-
drolysis and derivative formation (15). The weak acids were determined by
passing the sample through a cation-exchange resin column and conductimetri-
cally titrating it with 0.1N sodium hydroxide.
No consistent correlation was apparent between the soluble BODs and the
carbohydrate removals, indicating that in the high soluble BODs removals some
precursor(s), in addition to other than the oligo- and polysaccharides, were
being removed by flocculation and clarification.
There was slight correlation between the soluble BODs and weak acid re-
moval values for these samples, particularly those from the Mosinee study.
STUDIES WITH MODEL COMPOUNDS
On a modest scale we screened model organic compounds for removal from
solution by flocculation in order to learn more about the chemical nature of
susceptible compounds.
The compounds were selected on the following basis:
1. Those compounds having at least some structural relation to
substances found in mill effluents, either as atypical compounds
or "families of compounds" (16-18);
2. Those compounds with some BOD 5 without marked "toxic" effects; and
3. Compounds having sufficient solubility so that gas chromatography,
total organic carbon or some other convenient analytical procedure
could be used to monitor the results of jar tests.
4. Removals of TOC from pure solutions were early recognized to be
critically affected by pH. This variable was evaluated carefully
and the interesting and probably important results provided in
the following figures are discussed with the realization that
the highest levels of TOC removal were often rioted at pH levels
outside the ranges normal for mill wastes or discharged to
treatment systems.
The jar tests were made with added fiber in the form of unbleached kraft
pulp which had been disintegrated in an Oster blender for 5 minutes to pro-
vide a surface area for adsorptive bridging. Fibers had increased the remov-
al of BODs in some of our earlier work (Section V). This effect was confirm-



















































































































































































































































































































































(as FeC13) at various pH's, with and without the addition of fibers (Figure
23). TOC analyses were used to monitor changes in chemical concentrations of






























X With 350 mg/l kraft fiber added
O Without added fiber
Figure 23. Effect of pulp fibers on removal of soluble compounds
with 100 mg/l Fe3+ (as Fe C13) at various pH's.
-- , 350 mg/l kraft fiber added; ----, no fiber added.
Solutions were made from an amount of the model compound calculated to
give a TOC level of 90-95 mg/l in the final volume to be used in the-study.
This was first dissolved in approximately 4 liters of distilled water; the
correct amount of blended fiber was added (350 mg/1 final volume), and the
volume was brought to either seven or nineteen liters (final volume), depend-
ing upon whether one or two sets of jars were to be used for the evaluation.
One liter of the mixture containing the model compound and fibers was
added to each of six jars. Five of the jars were treated with flocculating
agent (various concentrations) and the sixth was used as an untreated "con-
trol." All jars were settled, sampled and filtered (0.45 um). TOC was de-
termined on the filtrates from the "control" and the five treated samples.
All "removal" values are based on a comparison with the TOC concentration of
the "control" after filtration. In this way the adsorption of the model
compound on the fibers without flocculant addition could be monitored. In
all tests the adsorption onto fibers of the controls was less than 8 percent
(based on weight calculation), except for the arrowroot starch and dextrose
which were found to be 65 and 24 percent, respectively.
Ferric chloride and alum were the primary flocculants used.
41) did not remove significant amounts of model compounds except
uronic acid (87 percent removed at 200 mg/l alum concentration).














TABLE 41. TOC REMOVAL FROM SOLUTIONS OF
MODEL COMPOUNDS TREATED IN JAR








Propanedioic acid (malonic acid) 2.6e
p-Methylbenzoic acid 3.2e
Dextrose 4.0e
Isopentyl alcohol (isoamyl alcohol) 4.7b
1,4-Butanedioic acid (succinic acid) 7.4e
4-Hydroxy-3-methoxycinnamic acid
(ferrulic acid) 8 .3e
3-Methoxy-4-hydroxy benzaldehyde
(vanillin) 9.1e
trans-Butenedioic acid (fumaric acid) 10.1e
Arrowroot starch 11.4 d
p-Hydroxycinnamic acid 1 3 .3c
Benzylmalonic acid 34.4 e
Polygalacturonic acid 8 7 .0d
All compounds were treated with all levels of alum.
bOnly the best removals are listed in this table.
Alum = 50 mg/l.
Alum = 100 mg/l.
dAlum = 200 mg/l.
Alum = 300 mg/1.
Data for the TOC removed when other compounds were similarly tested are
given in Figure 24a-e. These data are very complex, with low molecular
weight short-chained compounds (acetic acid, ethyl acetate) being removed at
a 20 percent level, 2-pentanol and tertiary amyl alcohol showing less than
5 percent removal and hexanedioic acid, 40 percent removal. Several aromatic
carboxylic acids had high removals, while galactouronic acid reductions were





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Some of the greater reductions in TOC could be traced to the formation
of insoluble salts with the ferric ion, such as for the 3,4,5-trihydroxy-
benzoic acid (Figure 24d). This would not account, however, for the removal
of p-hydroxybenzoic acid from solution since the ferric salt is soluble. Nor
would the esters and alcohols, which do not form salts, be removed by this
reaction.
The water solubility of the compounds, however, roughly correlates with
their removal from solution with Fe3 (Table 42). The compounds group into
two classes, those with greater than 10 percent solubility in water and those
with less than or equal to 1.5 percent solubility; the former group tends to
have removals of 15 percent or less and those in the second class tend to
have removals of 25 percent or greater (Figure 25).
We must also consider not only reactions such as the cross-linking of
starch phosphates with various cations and the increased complexing tendency
observed for K+, Ca , Zn++ , Cu++ and Fe+ that Wettstein, Neukom and Deuel
(19) studied extensively but also the oxalate or salicylate complexes with
aluminum or iron as discussed by Stumm and Morgan (14). Stumm and Morgan
studied the formation of ferric-hydroxo-complexes and found that they tended
to polymerize with other charged molecules at rather exact pH's. Such in-
teractions might be occurring in our jar tests.
Additional work would be required to pinpoint the effects on soluble
BOD5 removal by the organic compound chain lengths or branching, the presence
of phenolic or carboxylic groups and the solubility of the individual com-
pounds, all of which appear to have some important relationship to the over-
all soluble BOD 5 removal mechanism.
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TABLE 42. SOLUBILITY IN WATER OF VARIOUS MODEL COMPOUNDS AND THEIR
REMOVAL IN JAR TESTS WITH Fe 3+ AND PULP FIBERSa
ba
Reference Solubility, Removal,
No. Compound % %
1 Acetic acid Miscible 14
2 Methyl acetate Soluble 15
3 Ethyl acetate 10 18
4 Oxalic acid 15 4
5 Lactic acid Miscible 15
6 Methyl lactate Decomp. in H20 10
7 Raffinose 15 8
8 Adipic acid 1.44 40
9 2-Pentanol Soluble 5
10 Tertiary amyl alcohol 12 5
11 Fumaric acid 0.63 37
12 Maleic acid Freely soluble 24
13 Malonic acid 66 8
14 Tartronic acid Very soluble 9
15 Benzylmalonic acid Not given; probably
less than 1% 25
16 Succinic acid 8 37
17 Benzoic acid 0.3 30
18 R-Hydroxybenzoic acid 0.8 34
19 o-Hydroxybenzoic acid 0.2 43
20 p-Methylbenzoic acid Slightly soluble 50
21 3,45-Trihydroxyrbenzoic acid 1.2 50
22 Vanillin 1 10
23 Resorcinol 50 8
24 Catechol 30 43
25 p-Hydroxycinnamic acid Not given; probably
less than 1% 58
26 Ferulic acid ? 73
27 D-galacturonic acid Soluble 6
28 Polygalacturonic acid ? 99
aModel compounds and % removal shown in Fig. 23- 24e.














































































































































































































































































































































































































































































































































AREAS FOR COST REDUCTIONS
This research study on the mechanisms for the BOD5 removal in clarifiers
was not intended to cover comparative process economics. However, evaluation
of the data obtained in the laboratory and practical observations in the
field studies indicate that improvements in the clarification process will
reduce costs. Studies on the flows from individual process sewers demon-
strated that treatment which removes soluble BODs prior to the clarifier is
likely also to reduce the overall cost for the total system of treatment.
SEPARATION OF FLOWS ADVERSELY AFFECTING CLARIFICATION EFFICIENCY
There are several ways to reduce costs, and careful control of the qual-
ity of the in-flow to the clarifier is one of them. Proper clarifier perfor-
mance (reduction of suspended solids, COD, BODs, etc.) is dependent upon
sedimentation and flocculation properties of the influent flow. The input of
lignin and other pulping and bleaching constituents having colloidal and dis-
persant properties is of particular concern. The reduction or elimination of
flows containing such materials, and particularly the containment and sepa-
rate treatment of large spills of them, should substantially improve the
clarification efficiency and should have high priority in programs for cost
reduction in waste treatment. Revised handling should produce the following
substantial economies:
1. The capital investment for a clarification system will be less when
the clarifier size is reduced;
2. Reagent and other operating charges will be less as clarifier effi-
ciency improves;
3. Clarifier performance in all categories, including the amount of
BOD 5 removal, should be greatly improved;
4. Although no measurements were undertaken in this study, sludge de-
watering, sludge volume and sludge disposal problems were apparent and should
be subject for further development;
5. Needs and costs for subsequent (secondary biological) treatment may
be significantly reduced in terms of capital cost and operating charges, and
the need for secondary clarification may also be reduced.
OPTIMIZING THE TYPE AND AMOUNT OF CHEMICAL ADDITIVE
This project also showed the importance of optimizing the amounts and
types of flocculating agents for various clarifier inflows. Different chemi-
cal additives are needed for different mills. Process fluctuations and
changes affecting clarifier performance were apparent within the short term
of each mill field trial.
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Operating experience may make possible the development of routines for
addition of chemicals when the effluents change. The rising trend toward de-
velopment and use of computerized systems to control the manufacture of pulp
and paper may logically extend to automated changes during effluent treat-
ment.
Of the two mill clarifiers used in the field studies, one was utilizing
chemical additives routinely and the other clarifier was well equipped to use
flocculating chemicals. Capital costs for additional chemical feeding and
mixing equipment would not be a major expense. Operating charges for the
chemical additives that we used was about 30 to 10¢ per 1000 gallons of clar-
ifier inflow (Table 43). Since these chemicals might logically replace less
efficient additives already being used, cost could be considerably less in
actual practice. The efficient use of chemicals would, moreover, be expected
to give a return in reduced overall waste treatment costs. The actual cost
of chemical additives to remove soluble BOD5 cannot be adequately assessed
short of detailed engineering cost studies to fit the situations in each
mill.
TABLE 43. CHEMICAL COSTS FOR CLARIFICATION
a
Type of Required, Cost,
flocculant mg/l 0/1000 gallons






aAddition of 0.75 mg/l
add 0.5¢.
Hercofloc 812.3 would
bAs ferric chloride (FeCl3'16H 20) at $90/ton.
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Alum - Aluminum sulfate.
BOD - Biochemical oxygen demand is based on the oxygen requirement of living
organisms while utilizing components of the waste stream for growth
and/or reproduction.
BOD5 - The biochemical oxygen demand in a 5-day test period at 20°C.
CM - Chemimechanical pulping; this is based on a short chemical cook followed
by mechanical refining to separate the fibers in the softened chips.
COD - Chemical oxygen demand is the measurement of the oxygen equivalent of
that portion of the organic matter in a sample that is susceptible to
oxidation by strong chemical oxidants (e.g., chromic acid).
Colloid - A phase dispersion to such a degree that the surface forces become
an important factor in determining its properties. General particles
of colloid dimension are 0.001 to 1 micron.
Gel chromatography - A column chromatographic technique which fractionates
molecules on the basis of molecular weight.
Hemicellulose - That fraction of plant stems which is made up of carbohydrate
polymers other than cellulose.
Molecular exclusion - The mechanism of fractionation of molecules during gel
chromatography. Larger molecules are restricted from diffusing into the
gel matrix, thus taking less time to travel through the gel than smaller
molecules.
Permeate - That portion of a solution passing through a membrane during re-
verse osmosis or ultrafiltration.
Reverse osmosis (RO) - Osmosis in reverse flow through a semipermeable
membrane when external pressure in excess of the osmotic pressure is
applied.
Soluble - As used in this report is that portion of the solution (solvent and
solute) passing through a 0.45 pm filter under 100 psig nitrogen pres-
sure.
Zeta potential - That portion of the total'potential drop between the surface
of the solid and the suspending liquid that is contributed by the charge
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1 - 7:30 a.m. to 7: 30 p.m. sample
2 - 7:30 p.m. to 7:30 a.m. sample
F - Mill composite 7:30 a.m.
C - Influent
D - Effluent




C DC DC D
1 2 F
38
C DC D C 
1 2 F
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1 2 F
140
Figure C-5. Effect of ferric chloride (75
73C32 (1 mg/liter) on BOD5 at










































































































































































































































































































































































































































































2 - 7: 30
F - Mill
a.m. to 7:30 P.m. sample
P.m. to 7:30 a.m. sample
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45




C D C D C D
1 2 F
47
Figure C-7. Effect of ferric sulfate (lao mig Fe 3"/liter)

















1 - 7:30 a.m. to 7:30 p.m. sample
2 - 7:30 p.m. to 7:30 a.m. sample
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1 2 F 1 2 F 1 2 F 1 2 F
44 45 46 47
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Effect of ferric sulfate (100 mg Fe3 +/liter) on color

















































































































































































































































7:30 a.m. to 7:30 p.m. sample
7:30 p.m. to 7:30 a.m. sample
Mill composite 7:30 a.m.
Influent
C D D C DC DC D C D GD CD D C D CD C DC DC 
Samplel1 F 1 2 F 1 2 F 1 2 F 1 2 F
Day of~ 50 51 52 53 54
Operation
sample F 1 2 F 1 2 F 1 1




Figure C-10. Effect of
suspended
alum (300 mg/liter) on color and

























1 - 7:30 a.m. to 7:30 p.m. sample
2 - 7:30 p.m. to 7:30 a.m. sample
- F - Mill composite 7:30 a.m.






Figure C-ll. Effect of alum (300 mg/liter) + Hercofloc 812.3
(0.75 mg/liter) on BODs at Locks Mill.
134
a
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